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  This study systematically investigated the structural features (backbone 
folding and planar conformation, self-assembly) of circularly and helically 
folded aromatic amide oligomers. Furthermore, the property and application of 
the aromatic oligoamides as organic receptors for selective recognition of metal 
ions had been studied. 
  In chapter 2, the specific cavity-enclosing foldarands had been designed and 
synthesized based on intramolecular H-bonds. They were characterized by 
having multiple neutral electron-rich donor atoms whose inward-pointing 
convergent alignment is suitable for ion binding. The crescent backbones and 
intramolecular H-bonds of oligomers with repeating units were confirmed by 
X-ray diffraction analysis of single crystal and 1H NMR. The first principle 
computations at the B3LYP/6-31G(d, p) level provided the structural insights 
into complexes formed between foldarands and metal ions. The 
cation-recognition capabilities toward alkali metal ions were evaluated using 
Cram’s picrate extraction method. The ICP results showed that the foldarands 
exhibited highly selective recognition and high capacity extraction of Hg2+ ions 
in the presence of many other metal ions. 
  In chapter 3, the circularly folded pyridone pentamers had been made by 
BOP-mediated H-bonding-assisted one-pot macrocyclization reactions with 
yields of up to 25% in about a day. The macrocycles were confirmed by X-ray 
viii 
 
diffraction analysis of single crystal and 1H NMR. The first principle 
computations at the B3LYP/6-31G(d, p) level provided the structural insights 
into the behavioral origins of cyclic pentamers being that the “rigid” 
framework in the pentamer discourages or even prohibits concurrent binding of 
its three or more interior O-atoms toward smaller ions whose binding was 
additionally disfavored by the substantial repulsions from the vicinity amide 
H-atom. With its suitably sized non-collapsible cavity of 1.4 Å in radius 
formed by five convergently aligned interior-pointing carbonyl O-atoms, the 
pentamers had the size-dependent patterned recognition and extraction of ions 
with the larger ions such as Cs+, Ba2+, Au+, K+ and Rb+ as the most extractable 
ones.  
  In chapter 4, the purely organic 1D nanotubes, enclosing a cation-binding 
cavity of ~2.8 Å in diameter, were prepared in different solvent systems. The 
various nanostructures were systematically investigated by TEM and SEM 
technology. The intermolecular packing modes that possibly might develop 
during the aggregation were optimized by using Dreiding force field under 
periodic boundary conditions. The inter-columnar distances were estimated by 
powder XRD analysis of the respective nanostructures. The nanosheets formed 
by pentamer 8 and 9 displayed the selective recognition and efficient extraction 
of several larger ions such as Cs+ , Rb+, Ba2+, Ag+ , Hg2+ and Pb2+ in the 
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  In nature, bio-macromolecules such as proteins exhibit very remarkable 
functions, such as molecular recognition, transport, electron transfer, and 
catalysis. Currently, it is well-recognized that efficient folding of proteins into 
well-defined compact conformations is responsible for these amazing 
functions. The relationship between molecular structures and their functions is 
in the frontier of contemporary research.  
  During the last twenty years, identifying and developing new molecules that 
adopt well-defined conformations endowed with functions have been the 
subject of the active research. This field of study has come to be known as 
foldamers. Foldamers, defined by Gellman, are oligomers that can fold into a 
conformationally ordered state in solution, the structures of which are 
stabilized by a collection of noncovalent interactions. 1, 2  These interactions 
control the foldamers' secondary structures. Foldamers might be able to rival 
biopolymers in their function and application in the long run.  
  Since the pioneering work of Gellman1 and Seebach,3 a large number of 
aliphatic α-, β-, γ- and  δ-peptides were reported.4 With the development of 
the diverse folding patterns, the corresponding have been broadened. For 
example, Gellman, DeGrado and the co-workers reported that β-peptides 
2 
 
exhibited good antibacterial and antimicrobial activity.5  
 In water, the naturally occuring α-amino acid-based peptides and proteins 
utilize H-bonding, as well as hydrophobicity, to stabilize their compact 
structures. In organic solvents, however, H-bonding alone plays an important 
role for stabilizing a larger number of artificial systems, particularly for the 
H-bonded aromatic foldamers. Figure 1.1 shows the representative 












  Both theoretical and experimental studies have revealed that unnatural 
amide sequences, specifically those consisting of β-amino acid and hybridized 
α-/β-amino acid residues, can form helices, turns and sheets.2, 5-8 Other 
non-covalent forces, including electrostatic (dipole−dipole),9  donor−acceptor 
a) 
b) 
Figure 1.1.  (a) The aromatic unit is attached to the amide nitrogen atom.  
(b) The aromatic unit is attached to the carbonyl carbon atom. 
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interaction,10 metal coordination11 and solvophobic interaction,12 have also 
been extensively utilized for different foldamer systems. 
1.2 Helical Aromatic Amide Oligomers 
 As we know, aromatic amide segments are inherently rigid and planar, and 
form predictably folded structures with the use of intramolecular H-bonds. 
Compared with other kinds of aromatic foldamers containing non-amide 
linking units, aromatic amide foldamers often fold to produce cavities of 
varied sizes. In the past years, aromatic amide foldamers have found extensive 
applications in different areas, including, molecular recognition and 
self-assembly,13 targeting biomacromolecules and cell membrances,14 tuning 
the functionalities of molecular and macromolecular systems,15 and promoting 
macrocyclization. 
  In 1994, Hamilton and co-workers reported the first examples of aromatic 
amide-based foldamers.  Since then, various foldamers of diverse structures 
have been synthesized and characterized.16, 17 Initial synthetic attempts for 
these molecules involved carboxyl activation of 3 followed by reaction with 
aniline derivatives. However, instead of forming anilide products, the 
reactions gave rise to azlactone 4 through intramolecular cyclization of the 
benzamide oxygen onto the adjacent carboxylic group (Figure 1.2). 
  A more successful approach involved masking the amide as a nitro group. 
After the amide bond was generated, the nitro group was reduced to the 












oligomers could be prepared in good yields. X-ray structure of compound 1a 














two strong intramolecular H-bonds between adjacent amide and/or ester 
groups. The molecule had an almost planar conformation with only a small 
deviation of the amide units from the connected benzene rings. 
  Among the aromatic amide foldamers, researchers show particular interests  
 
Figure 1. 3.  X-ray structure of anthranilamide 1a in the extended 









in the crescent-shaped or helical oligomers. Usually, these oligomers consist 
of a single type of repeating units. Curvature of aromatic oligoamide is 
resulted when amine and acid substituents define an angle smaller than 180°. 
For short oligomers having a rigid, curved backbone, the structures are planar 
and crescent- shaped since there is no significant repulsive interactions 
between the end units. As the chain length extends, oligomers are deviated 
from planarity so as to form helices.  
   In 2000, Huc, Lehn and co-workers designed oligomers 5a−d (Figure 1.4), 












The crystal structure of 7-mer 5d（Figure1.5), recrystallized from the 
MeCN/DMSO solution, showed the formation of a single helix of, one and 
half a turns, where one turn was generated by approximately five 
pyridine-amide units. Intramolecular π-π stacking was possible over half a 
helical turn, which was consistent with the upfield shift of some NMR signals 
observed in solution. Interestingly, in concentrated solution, they formed a 
double helix. Winding of the two strands resultsin a nearly two-turn duplex, 
Figure 1.4.  Chemical structure of the oligomers 5a−d  
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  Gong and coworkers synthesized oligomers 6a−c（Figure 1.6) from 







  The long aliphatic chains were introduced to provide solubility in organic 
solvents. The successive three-centered H-bonding induced the backbones to 
form a crescent shape. Because these were the first examples of this series of 






Figure 1.6.  Chemical structure of Oligomers 6a-d  
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folded structures, systematic 2D 1H NMR experiments were carried out to 
confirm their crescent shape. The crystal structure of 5a was obtained, which 








  Driven by similar H-bonding patterns, symmetric 9-mer 6d with a 
4,6-dioctoxyisophthalamide linker in the middle of the backbone can fold to 
form a helical conformation.20 Its crystal structure showed that six segments 
formed one turn, and the helical backbone produced a cavity of ∼1 nm in 
diameter  (Figure 1.7). 
  More and more helical aromatic oligoamides based on different units or 
linkages have been reported recently. The deviation of helices from planarity 
can be achieved by slight changes of the torsional angles involving the 
aryl-amide bond. We can extend the applications of these helical aromatic 
oligoamides by tuning parameters of helical cavity. Usually, helices with a 
large hole or those with few units per turn permit easy access to objects with a 
high aspect ratio at minimal synthetic efforts.21 On the other hand, helices with 
Figure 1.7  The crystal structure of 9-mer 6d. Both enantiomers exist in 
the solid state. 
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a large diameter can be exploited as a cylindrical channel that may be applied 
for molecule recognition, catalysis and transport.22 
  The amide and heterocyclic nitrogen atoms of heterocyclic amide foldamers 
are all located inwardly, which may produce polar cavities of varying sizes. If 
a folded cavity is large enough, it may host one or more guests of suitable size 
and/or binding sites. Huc and coworkers systematically investigated the 
binding behavior of this family of foldamers. Heptamers 7a and 7b (Figure 1.8) 





was stabilized by intermolecular N···H−O (water) and (water) O···H−N 
H-bonding.23 
  Another feature of the helices was the presence of included solvent 
molecules in their polar cavities. The crystals of helical 7a grown from 
nitrobenzene–heptane contains a record high of three water molecules in its 
interior (Figure 1.9), supporting the idea of using longer version of these 
compounds as membrane channels. In crystals grown from DMSO–EtOH, the 
two peripheral water molecules were replaced by two DMSO molecules, the 




Figure 1.8  The chemical structures of 7a and 7b. 
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methanol molecule. But this binding did not occur in solution. In chloroform, 
they dimerized to form double-helical structures with a Kassoc of ca.50 M−1. 
  In 2005, Huc and coworkers reported that quinoline−pyridine hybrid 
heptamer 8 could encapsulate water in both solution and the solid state (Figure 
1.10).24  The solid-state structure revealed the expected helical shape that 
spanned over two full helical turns. The pitch equaled the thickness of one 
aromatic ring (about 3.45 Å).  The CPK views showed that the terminal 
quinoline units did cap the hollow defined by the pyridine segment—the inner 
diameter of the helix was reduced at both ends. Most importantly, the helices 
all contained one molecule of water despite the low water content of the 
non-polar crystallization medium. The water oxygen atom was H-bonded to 
Figure 1.9 Top view and side view of the crystal structures of (a) 7a in crystals 
grown from nitrobenzene–heptane; (b) 7a in crystals grown from DMSO–EtOH; and 
(c) 7b in crystals grown from DMSO–EtOH. The helices are in stick representations. 
Solvent molecules included in the helices are in CPK representations; other solvent 
molecules are omitted for clarity. Hydrogens are at calculated positions. 
10 
 
the two amide protons of the central pyridine-2,6-dicarboxamide units 
sandwiched between the terminal nitro groups. The water molecule is 









  This observation implied that the binding and release of the water molecule 
in solution involved a partial unfolding or a springlike extension of the strand. 
The kinetics of such a process should fundamentally differ from the binding 
and release of a guest from the open hollow of a normal cylindrical helix. 1H 
NMR in dried and wet chloroform indicated that the capsule entrapped a water 
molecule, and its inside−outside exchange was slow at −50 °C on the 1H NMR 
time scale, which led to the formation of two water peaks. A helix 
unwinding−rewinding mechanism was proposed for the binding and release 
process (Figure 1.11) 
 
 
Figure 1.10  A: The chemical structure of the heptamer 8. B: Views of the 















1.3 Circular Aromatic Amide Oligomers 
   Because of the competition of linear products and thus frequent needs of 
high-dilution or template techniques, the synthesis of macrocyclic molecules is 
usually of low efficiency.25 The aromatic amide oligomers adopt well defined 
conformations. When the two ends of a foldamer are appended with required 
reactive groups, the reaction of the groups for the formation of a macrocycle 
may be facilitated by the preorganization of the rigidified backbone. A number 
of complicated macrocycles have been synthesized by this strategy. 
  In 1996, Kim and coworkers described that high-dilution reaction of 
benzene-1,3-diamine and isophthaloyl dichloride in toluene gave a mixture of 




Figure 1.11. Encapsulation of an egg-shaped guest by partial unfolding of a 
helix possessing a reduced diameter at both ends. Foldamer 8 exhibits this 








MALDI revealed that the smallest and most abundant cyclic oligomer was the 
hexamer.  Cyclic hexamer crystals containing CaCl2 were isolated from a 







  Since the cyclic hexamer seemed to be an ideal host molecule for various 
CaClx(x-2)-species, they investigated the possibility of template effects of 
various salts in the cyclization. MALDI of the crude mixture revealed that 
cyclization in the presence of CaCl2 gave a higher yield of cyclic hexamer 
relative to other cyclic compounds compared to cyclization in the absence of 
CaCl2. 
  By taking the advantage of intramolecular interactions during the synthetic 
process, macrocycles can be prepared in one-pot, without the help of external 
Figure 1.12.  The cyclization reaction which was reported by Kim. 
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templates. The highly directed conformational preorganization can more than 
compensate for the unfavorable entropy loss in the macrocyclization 
reactions.27 
 In 2004, Gong and coworkers reported highly efficient, one-pot 
macrocyclization reactions by using 4,6-dimethoxy-1,3- phenylenediamine to 
react with the appropriate diacid chloride (Figure 1.14a).28 Three-center 
H-bonds rigidify the backbone and pre-organize the precursor oligomers for 
macrocyclization. The macrocyclic hexamers contain a large (~ 8Å across), 
noncollapsible hydrophilic cavity defined by six convergently aligned oxygen 










interactions. Due to relatively flat oligoamide backbone with a large aromatic 
surface area , the  aggregation  of the hexamer is most likely mediated  by  
 
 
Figure 1.14 (a) Shape persistent macrocyles with their large aromaticsurfaces, (b) 
could assemble anisotropically into a tubular structure that acts as a transmembrane 
channel or pore in the hydrophobic environmentof a lipid bilayer. 







10c: R1= O 3
10a,10b,10c,10d: R2=CH3; 10e: R1=CH3
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face-to-face stacking, which presumably aligns the macrocycles into nanotubes 
containing a large channel (or nanopore) (Figure 1.14b).  Such a nanotube, 
having a membrane-compatible exterior, acts as a transmembrane channel by 
partitioning into a lipid bilayer.29 
  When the para-diacid and para-diamine were introduced into the system, 
larger macrocycles would be obtained with high yields (>80%).30 The 
H-bonding induced folding of the uncyclized foldamer precursors played a 
critical role in the high yield. The macrocycles with 14 (Figure 1.15a), 16 
(Figure 1.15b), and 18 residues (Figure 1.15c) contained internal cavities of 2.2, 








  In 2005, Cuccia and coworkers reported the one-pot, high-yielding synthesis 
and characterization of naphthyridine or pyridazine containing macrocycles. 
(Figure 1.16).31 Macrocycle 11 was formed in a one-pot condensation reaction 
of 2,7-diamino-1,8-naphthyridine and 1,1'-carbonyldiimadazole in 64% 
isolated yield. Macrocycle 12 was formed by the condensation reaction of 
Figure 1.15  Top and side views of the structures of macrocycles (a), (b) 
and (c) optimized at the B3LYP/6-31(g)d level. For simplicity, all side chains 
are replaced with methyl groups. 
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2,7-diamino-1,8-naphthyridine and triethyl orthoformate in 75% isolated yield. 
Macrocycles 11a-c were synthesized from a series of N-substituted 
3,6-diaminopyridazines reacting with tolylene-2,6-diisocyanate to give 
13a–c.The isolated yields of 11a,11b and 11c were 64%, 67%, and 64% 
respectively. STM study on the self-assembly properties of 13b showed 
lamellar structures with alternating bright and dark stripes which should 
correspond to the aromatic and aliphatic side chains, respectively (Figure 1.16). 
This 2D assembly of 13b allows its potential function to serve as template for 



















Figure 1.16  1) Chemical structure of macrocycles 11, 12 and 13   2) STM 
image of 13b self-assembly on HOPG from 1,2,4-trichlorobenzene in constant 
current mode using a Pt/Ir tip. (a) Large scan area with step edges and grain 
boundaries, scale bar is 10 nm. (b) Lamellar structure with periodicities of 33 
Å (lamellae) and 15 Å (substructure in each lamella), respectively. (c) A CPK 
model of 13b superimposed onto the STM image, alkyl chains are omitted for 







  In 2008, Zeng and coworkers reported a highly rigid and structurally 
well-defined circular five-fold pentamer 14 (Figure 1.17).32 The pentamer was 
first synthesized step by step from 2-methoxy-3-nitrobenzoic acid with an 
overall yield of ~10% and further improved with one-pot synthesis method 
using POCl3 as the coupling reagent to give a good yield of 46%.33 The X-ray 
study of the single crystal of pentamer  revealed that the molecular folds into 
an almost planar arrangement of nearly perfect C5 symmetry in the solid state. 
It is noteworthy that by removing the methoxy group pentamer 14 shows a 
cavity of ~1.4 Å in radius. which is near- identical to that of K+. Thus, in their 












gradually open up the cavity, and the resultant new pentamers demonstrated 
selective and tighting binding towards metal ions with a high binding constant 
larger than 105 M-1.34 
  In 2008, Li and coworkers demonstrated that H-bonding-induced aryl amide 
or hydrazide foldamers could function as new synthetic receptors for binding 
neutral and ionic  species  or  preorganized  scaffolds  for  assembling  
Figure 1.17  a) Chemical structure of macrocylic pentamer 14, Dotted 
pink line indicated H-bonds. b) top-view and side-view of the crystal 































architectures.  Several folded structures resembled the extended conjugated 
















Adding C60 or C70 to the solution of 15 or 16 in chloroform could cause 
significant decrease of the absorption bands of the macrocycles, which 
represented additional evidence for the formation of the stacked complexes. In 
addition, the emissions of both macrocycles could be quenched remarkably by 
fullerenes. On the base of the fluorescent titrations, they determined the 
association constants (Kassoc) of the corresponding 1:1 complexes 15-C60, 
15-C70, 16-C60, and 16-C70 in chloroform to be ca. 5.9 x 104, 9.1 x 104, 2.5 x 






Figure 1.18  Stacking interaction between macrocycles 15 or 16 and C60 
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1.4  Aim of the Study 
  Since the first report of aromatic amide oligomers in 1994, the major effort 
in this field has been devoted to the synthesis and structural characterization of 
new foldamers with desired functions. Considerable structural complexity has 
been realized, which compares well with those of natural proteins. Three 
major aromatic rings, that is , benzene, pyridine, and quinoline, have been 
extensively utilized together with the amide units as linkers to construct the 
H-bonded aromatic backbones. Aromatic amide oligomers can now enclose 
cavities with diameter ranging from several anstroms to up to 3 nm. These 
foldamers are structurally fascinating and may exhibit interesting properties 
such as molecular recognition, catalysis, and separation, as well as transport 
and delivery. 
 In this regards, the aim of the thesis was to 1) design and synthesize planar 
circular and helical aromatic amide oligomers of varying types, by changing 
interior functional groups and adding hydrophobic side chains on their exterior 
surfaces, 2) systematically evaluate recognition capability of the aromatic 
amide foldamers towards different cations, and 3) investigate the application 
of the cyclic pentamers as novel organic nanofibers or nanotubes ,which are 
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H-bonded Cavity-containing Aromatic Foldarands as 




  The ability of naturally occurring biomolecules such as proteins and DNAs 
to fold into well-defined three-dimensional structures has inspired researchers 
worldwide to actively pursue synthetic abiotic foldamers1 that are similarly 
capable of  adopting stable, compact conformations over the past twenty 
years in order to imitate, and eventually to rival the natural biopolymers in 
terms of structure and functionality.1, 2, 3, 4 The conformational folding of these 
foldamer molecules is generally effected through the use of noncovalent forces 
including H-bonds, solvophobic interactions, π-π stacking, and metal 
coordination bonds. Such a folding very often generates diverse sizable 
cavities decorated with appropriate functional groups, from which a variety of 
functions have been demonstrated.  
  Some notable examples (Figure 2.1) include recognition of neutral 
(saccharides,5a, 5b water5c, 5d and other small molecules5e, 5f ) or ionic species,5g , 
5h, 5i solvent gelating,5j, 5k reaction catalysis5l, 5m reactive sieving5n, 5o and ion 









   
 
 
  As we know, the natural ionophores, such as valinomycin and nonactin 
(Figure 2.2) , have provided an enormous impetus to the researchers to 
synthesize artificial cation-binding hosts, which are capable of exhibiting 
selective complexation and transport, not only of alkali metal cations but also 
the majority of the s, p, d and f block metals and nonmetallic cations such as 







  Enormous macrocyclic cation-binding ligands such as corands,6  
cryptands,7 spherands,8 torands9 (Figure 2.3) have been prepared, exhibiting 
both remarkable selectivities and useful reactivity properties in the last 
decades. Early studies of cation-binding hosts focused on the recognition of 
A B
C D
Figure 2.1 Different applications of the foldamers  (A) Recognition of 
amine  (B) solvent gelating  (C) Reaction catalysis  (D) Reactive sieving. 
Figure 2.2  The chemical structures of Valinomycin and Nonactin. 
A: Nonactin B: Valinomycin 
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spherical metal or ammonium ions by macrocyclic hosts. In these systems, 
preorganization enables their binding sites to cooperatively contact and attract 
a guest. 
  Herein, we want to describe a new class of acyclic metal ion-binding 
foldamer molecules termed foldarands that possess solvent-independent robust 










   
  In connection with this definition, arguably a few precedents do exist in the 
literature as represented by 1-4 respectively reported by Ueyama,10 
Gong/Yuan,11, 12 and Li/Zeng13 , 14 , 15 and  Li(Figure 2.4).16  
  Nevertheless, for 1,10 its ion-binding potential has not been put forward 
since their respective reports in 2005. For 211, 12 and 313, 14, 15 they both exhibit  
 
Pedersen's corand  Lehn's cryptand 
Cram 's spherand Bell 's torand 







weak ion-binding abilities. As a result of an enclosed cavity of >3.8 Å in 
radius in 2 that is too large for such as K+ ions measuring 1.38 Å in radius and 
hydrophobic bulky methoxy methyl groups in 3. Due to weak binding 
character of covalently bound fluorine atoms, molecules such as 416 won’t be 














Figure 2.4   Representative structures of the foldarands 
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2.2 Results and Discussion 
2.2.1 Design Principle 
  A predominant strategy in recognizing inorganic cationic species in the 
contemporary foldamer research involves designing adaptive abiotic foldamers 
that frequently take helical structures and that can undergo dramatic 
folding/unfolding processes in response to metal ions or solvent polarity. The 
specific cavity-enclosing foldarands studied in our current investigation are 
characterized by having multiple neutral electron-rich donor atoms whose 
inward-pointing convergent alignment for ion binding is realized mostly via 
non-covalent intramolecular H-bonds , rather than covalent forces as seen in 
the macrocyclic precedents , and further by having minimum conformational 
change resulting from ion coordination, a property akin to those seen in 
cryptands , spherands , and torands. These foldarands additionally feature 
proper separations among multiple oxygen-donor atoms enforced by the 
H-bonding-rigidified crescent-shaped backbones, creating a non-collapsible 
cavity of ~1.5 Å in radius. As such, selective recognitions of metal ions with 








2.2.2 Ab initio Molecular Modeling at the B3LYP/6-31G* 
Level for Conformational Search 
  All the calculations were carried out by utilizing the Gaussian 09 program 
package.17  The geometry optimizations were performed at the density 
functional theory (DFT) level , and the Becke’s three parameter hybrid 
functional with the Lee-Yang-Parr correlation functional (B3LYP) method was 
employed to do the calculations. The 6-31G(d, p) basic from the Gaussian 
basis set library has been used in all the calculations in Chloroform. The 
harmonic vibrational frequencies and zero-point energy corrections were 
calculated at the same level of theory.   
  As shown in Figure 2.5 all the inward-pointing amide protons and oxygen 
atoms participate in the formation of a continuous internally located 
C-O•••H-N H-bonding network. The backbone becomes increasingly curved , 




























































  1d , 1g , 1i , 1k , 1m and 1o have highly selective recognition and high 
capacity extraction of Hg2+ ions in the presence of many other metal ions 
using biphasic water–CHCl3 system（Table 2.4). With the growth of the 
backbones and the increase of the concentrations, the foldarands also showed 
good affinities toward other cations , such as Na+ , K+ , Rb+ , Cs+ , Ca2+ , Ba2+ , 
Cu2 , Pb2+ and Ag+. Ab initio geometry optimization for Complexes formed 
between foldarands and different metal ions were performed at the 





















































































    D)                                                E)                                                    F) 
Figure 2.5  Chemical structures and ab initio (B3LYP/6-31G) calculated 























Figure 2.6  Computationally optimized structures of complexes (1d-1o)●Mn+ 
at the level of B3LYP/6-31G(d , p) in chloroform. All the CPK models were 
built based on the van der Waals radius. The yellow atoms is Hg2+. 
 
a)                 b)                             c)            
d)                   e)                             f) 
1kHg2+                         1mHg2+                         1oHg2+ 























Figure 2.7  Computationally optimized structures of complexes (1i or 
1k)●Mn+ at the level of B3LYP/6-31G(d , p) in chloroform. All the CPK 
models were built based on the van der Waals radius (Red: O =1.52 Å). The 
yellow atoms in all the structures refer to metal cations whose radii were 






































































Figure 2.8 Computationally optimized structures of complexes 1m●Mn+ at the 
level of B3LYP/6-31G(d , p) in chloroform. All the CPK models were built 
based on the van der Waals radius (Red: O =1.52 Å). The yellow atoms in all 
the structures refer to metal cations whose radii were specified in the 








































































Figure 2.9 Computationally optimized structures of complexes 1o●Mn+ at the 
level of B3LYP/6-31G(d,p) in chloroform. All the CPK models were built 
based on the van der Waals radius (Red: O =1.52 Å). The yellow atoms in all 
the structures refer to metal cations whose radii were specified in the 




















2.2.3  Synthesis of Aromatic Foldarands 
The foldarands were synthesized through a step-wise construction strategy 
using HBTU-mediated amide coupling method starting from the commercially 
available diethyl 3-oxopentanedioate (Schemes 2.1). And the identity of the 
foldarands was unambiguously confirmed by an excellent matching between 
























1) EtOCOCl, NMM, THF/DMF
2) NaN3, H2O

































conc. H2SO4 +1e, HBTU, HOBt, DIEA





































































2.2.4 Solid State Conformation Study of Oligoamides 
The single crystal of Dimer, Trimer 1 and Trimer 2 were obtained by 
diffusion method in the solvent pair of DMSO/EtOH. As can be seen in Figure 
2.10 , the crystal structure demonstrate the ability of the interior carbonyl 
oxygen to form intramolecular H-bonds (2.00-2.28 Å) with the amide proton , 
restricting the conformational freedom of the amide bond and biasing the 
aromatic backbone into a crescent shape.  















Figure 2.10 The chemical and crystal structures of Dimer, Trimer 1 and 
Trimer 2. A: Views of the structure of the dimer; B: Views of the structure 
of the Trimer 1 containing EtOH in the crystal; C: Views of the structure of 




















































Table 2.1 Crystal data and structure refinement for Dimer. 
Empirical formula  C28 H26 N4 O5 
Formula weight  498.53 
Temperature  153 K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1) 
Unit cell dimensions a = 9.6622 Å      = 90°. 
 b = 19.2648 Å     = 90°. 
 c = 13.1197 Å     = 90°. 
Volume 2439.04 Å3 
Z 4 
Density (calculated) 1.358 Mg/m3 
Absorption coefficient 0.095 mm-1 
F(000) 1048 
Crystal size 0.20 x 0.20 x 0.12 mm3 
Theta range for data collection 1.88 to 26.73°. 
Index ranges                       -12<=h<=11,-24<=k<=24, -16<=l<=16 
Reflections collected 25656 
Independent reflections 5187 [R(int) = 0.0435] 
Completeness to theta = 28.53° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5187 / 3 / 344 
Goodness-of-fit on F2 1.033 
Final R indices [I>2sigma(I)] R1 = 0.0546 , wR2 = 0.1475 
R indices (all data) R1 = 0.0820 , wR2 = 0.1628 






Table 2.2 Crystal data and structure refinement for Trimer 1 
containing EtOH. 
Empirical formula  C43 H42 N6 O8 
Formula weight  770.83 
Temperature  123 K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1) 
Unit cell dimensions a = 14.2163 Å      = 90°. 
 b = 21.6858 Å      = 90°. 
 c = 13.4797 Å      = 90°. 
Volume 3778.3 Å3 
Z 4 
Density (calculated) 1.355 Mg/m3 
Absorption coefficient 0.095 mm-1 
F(000) 1624 
Crystal size 0.20 x 0.08 x 0.04 mm3 
Theta range for data collection 1.58 to 25.35°. 
Index ranges                       -17<=h<=17, -26<=k<=26, -16<=l<=14 
Reflections collected 80030 
Independent reflections 6913 [R(int) = 0.1553] 
Completeness to theta = 28.53° 99.9  %  
Absorption correction Semi-empirical from equivalents 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6913 / 394 / 593 
Goodness-of-fit on F2 1.010 
Final R indices [I>2sigma(I)] R1 = 0.0700 , wR2 = 0.1681 
R indices (all data) R1 = 0.1468 , wR2 = 0.2107 






Table 2.3 Crystal data and structure refinement for Trimer 2. 
Empirical formula  C34 H44 N6 O8 
Formula weight  664.75 
Temperature  123 K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1) 
Unit cell dimensions a= 12.1129Å       =69.583°. 
 b = 12.7793 Å      = 68.112°. 
 c = 13.0678 Å      = 75.921°. 
Volume 1744.1 Å3 
Z 2 
Density (calculated) 1.300 Mg/m3 
Absorption coefficient 0.095 mm-1 
F(000) 728 
Crystal size 0.10 x 0.08 x 0.04 mm3 
Theta range for data collection 1.71 to 26.37°. 
Index ranges                       -15<=h<=15, -15<=k<=15, -16<=l<=16 
Reflections collected 53798 
Independent reflections 7139 [R(int) = 0.0794] 
Completeness to theta = 28.53° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7139 / 130 / 538 
Goodness-of-fit on F2 1.016 
Final R indices [I>2sigma(I)] R1 = 0.0642 , wR2 = 0.1561 
R indices (all data) R1 = 0.1344 , wR2 = 0.1967 





2.2.5 Binding Study of Foldarands towards Alkali Metal 
Picrates 
 
2.2.5.1 Preparation of Alkali Metal Picrates 
 
  The alkali metal picrates (Li+ , Na+ , K+ , Rb+ and Cs+) were prepared by 
dissolving picric acid in a minimum amount of distilled boiling water and 
slowly adding a stoichiometric amount of the alkali metal hydroxide. The 
alkali metal picrate solution was cooled to room temperature and placed in an 
ice bath to facilitate crystallization. The precipitate was filtered and 
recrystallized from distilled water. After filtration and extensive air drying , 
the salt was carefully heated to dryness in a vacuum oven at 75 oC for 
overnight and cooled to room temperature under N2 protection. The anhydrous 
metal picrates were stored in a desiccator. 
 
2.2.5.2 Picrate Extraction Experiment 
  Extractions of alkali metal picrates (Li+ , Na+ , K+ , Rb+ and Cs+) with hosts 
were performed by placing 1.0 ml of a 10 mM solution of the metal picrate in 
deionized water and 1.0 ml of a 10 mM solution of the hosts in chloroform 
into a 4-ml sample vial and mixing the solutions on a vortex mixer for 60 
seconds. The sample was then allowed to stand for 20 minutes to ensure a 




of the sample , and the concentration of metal picrate in aqueous phase was 
determined by UV-Visible spectroscopy with a scanning from 250 to 500 nm. 
 
Table 2.4 Determined Ka values for hosts complexing alkali picrate salts from 
Li+ to Cs+ in H2O/CHCl3 at 25 ºC Cram’s method. 
 
     Host 
Picrate salts       
1d 1f 1g 1h 
Li+ (9.1±0.17)×104 (9.7±0.23) ×105 (7.1±0.11) ×105 (2.4±0.13) ×107 
Na+ (9.8±0.2) ×104 (1.4±0.13) ×106 (6.6±0.13) ×105 (2.1±0.08) ×107 
K+ (1.3±0.12) ×105 (8.9±0.16) ×105 (2.3±0.09) ×105 (1.3±0.12) ×107 
Rb+ (7.7±0.23) ×104 (6.8±0.11) ×105 (3.4±0.17) ×105 (6.9±0.23) ×106 
Cs+ (8.5±0.19) ×104 (5.9±0.22) ×105 (2.9±0.11) ×105 (6.8±0.13) ×106 
          
        Host 
Picrate salts     1i 1j 1k 1l 
Li+ (1.2±0.07) ×107 (4.6±0.2) ×107 (2.3±0.05) ×106 (2.4±0.15) ×107 
Na+ (1.4±0.08) ×107 (5.4±0.13) ×107 (9.2±0.09) ×106 (4.5±0.12) ×107 
K+ (1.2±0.1) ×107 (3.7±0.08) ×107 (2.2±0.19) ×107 (1.3±0.12) ×108 
Rb+ (6.4±0.13) ×106 (1.9±0.15) ×107 (1.1±0.09) ×108 (8.1±0.22) ×107 
Cs+ (8.0±0.15) ×106 (2.3±0.11) ×107 (4.8±0.21) ×107 (6.9±0.19) ×107 
             
         Host 
Picrate salts      
1m 1n 1o 1p 
Li+ (5.5±0.22) ×107 (2.2±0.13) ×107 (6.7±0.21) ×107 (6.1±0.13) ×107 
Na+ (8.7±0.18) ×107 (5.9±0.17) ×107 (8.9±0.05) ×107 (9.3±0.24) ×107 
K+ (3.7±0.11) ×107 (3.4±0.2) ×107 (8.1±0.26) ×107 (9.5±0.12) ×107 
Rb+ (2.1±0.09) ×107 (2.1±0.09) ×107 (1.9±0.08) ×107 (2.5±0.18) ×107 
Cs+ (2.1±0.14) ×107 (2.1±0.09) ×107 (2.7±0.17) ×107 (1.7±0.09) ×107 
a [Guest]/[Host] ratio in CHCl3 layer at equilibrium. b Averaged values over 





The extraction constants Kex and association constants Ka were calculated 
according to method previously described by Cram18. Three samples were 
prepared for each picrate extraction experiment. Standard deviations from the 
analysis of the three samples were less than 10% in terms of the Kex and Ka 
values.  
  From the Table 2.4, we can find that the hosts 1d , 1f and 1g showed poor 
affinity to the alkali metal.1h and 1i could selectively extract the Li+ , Na+ and 
K+. With the elongated backbone , the hosts could also bind the larger cations, 
such as Rb+ and Cs+. The average association constants Ka was  about 107 M-1. 
1k showed high-affinity binding of ∼108 M-1 with a good degree of selectivity 














2.2.6 Binding Study of Foldarands towards the Metal Ion  
Nitrates 
  It is necessary to investigate the ion-binding abilities of the foldarands  
toward not only alkali metal ions but also environmentally significant 
transition metal ions. Because of the limitation of the Cram’s method , we will 
have to determine the differential binding abilities of the foldarands toward 
different metal ions in the form of nitrate salts , by using inductively coupled 
plasma mass spectrometry (ICP-MS) that allowed the measurement of ion 
concentrations down to the ppb level. 
 
2.2.6.1  Extraction Experiment  
In the following typical procedures for solution preparation and extraction 
experiments, the host 1p for extracting the 20 metal salts was used as the 
example, the overall [total metal ions]:[Host 1p] ratio was 1:1. Before the 
extraction, two stock solutions were prepared. 
  Solution A: The host 1p was dissolved in 1.5 ml CHCl3 to a final 
concentration of 2 mM. 
  Solution B: All the 20 metal salts were dissolved in 5 ml pure H2O (such as 
the water from MiliQ column) to make 0.1 mM solution. 
An equal volume of Solutions A and B (1.5 ml : 1.5 ml) were added into a 
sample vial , mixed on a vortex mixer for 60 seconds and securely capped to 
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prevent the solvent from evaporation. The solutions were then shaked on a 
shaked for 24 hours at room temperature. 
After mixing by the shaker , the above mixed solution was allowed to stand 
for at least 1 hour at room temperature to ensure a complete separation of the 
water and CHCl3 layers. The aqueous solution referred to as Solution C was 
collected that needs to be analyzed by ICP-MS for the remaining 
concentration of metal ions. Please note that some of the metal ions will go 
into the CHCl3 layer due to the metal-binding ability of the organic chelators. 
Solution C will tell us how much and what kind of metal ions go into CHCl3 
layer. Use 1.5 ml blank CHCl3 containing no chelator to extract 1.5 ml of 
Solution B according to the above steps. The collected aqueous solution is 
denoted as Solution D. 
0.1ml of Solution C was then diluted 250 times (or up to the ICP-MS 
detection limit).Also 0.1ml of Solution D was diluted 250 times (or up to the 
ICP detection limit). After this 250 times dilution, the metal ion concentrations 
in Solution D might range from 2.8 ppb for Li+ and 82.9 ppb for Pb2+. The 
ICP-MS could detect all the 20 metals, except the Na+ , K+ , Ca2+ and Hg2+ in 
that concentration range. When analyzing the less sensitive Na+ , K+ , and Ca2+ 
ions , the corresponding concentrations need to be higher. So both Solutions C 
and D were diluted by 7 times only.The Solution D was also diluted 7 times. 
Before measuring the ion concentrations in Solutions C and D . After the 
ICP-MS detection , the data from Solution C and Solution D were used to 
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calculate the extraction efficiencies. Because of the very low  accuracy on the 
Hg2+ detection by ICP-MS, the atomic fluorescence mercury-measured 
spectrometer was used to analyze the Hg2+. 
 
 
2.2.6.2 Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) 
  In Table 2.5 using biphasic water–CHCl3 extraction system, the 
concentration of each of 20 metal ions is set constant at 0.10 mM in H2O, and 
those of foldarands 1d-1p are variable, ranging from 0.12 mM to 2 mM in 
CHCl3. 
  To ensure that the data obtained are consistent and reproducible, the 
measurements for the same extracted solution were repeated three times , and 
the whole experiment including preparation of a new batch of sample 
solutions, extractions and measurements were repeated one more time. 
Averaging the data over 6 measurements gave the final extraction data with 
relative errors of  3% 
  At 0.12 mM of 1d-1p , Hg2+ ion is singled out as the most preferred species 
among 20 metal ions for binding by 1d-1p at a [host]/[individual metal ion] 
ratio of 1.2. The extraction efficiencies are ranging from 12% to 54%. With an 
increase in concentration from 0.12 mM to 1 mM for 1d-1p and in ratio of 
[Host]/[individual metal ion] from 1.2 to 10, all the extraction efficiencies for  
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Table 2.5 Extraction efficiencies (%) of 20 metal ions in their nitrate salts by 
foldarands 1d-1p as determined by inductively coupled plasma mass 
spectrometry (ICP) and Analytik Jena mercur plus Hg with[host]: [total ions] 
= 0.12:20, 0.6:20,1:2and 1:1.a 
 
  1d 1f 1g 
  0.12:20 0.6:20 1:2 1:1 0.12:20 0.6:20 1:2 1:1 0.12:20 0.6:20 1:2 1:1 
Na+ 7 9 18 
K+ 8 11 19 7 14 17 10 12 30 
Rb+ 7 
Cs+ 7 
Mg2+ 10 14 6 14 11 8 10 
Ca2+ 10 11 16 11 12 18 7 21 
Ba2+ 7 6 6 
Al3+ 6 7 
Cu2+ 6 
Ag+ 5 14 17 18 8 24 35 51 18 18 16 
Cd2+ 7 
Hg2+ 12 45 81 94 13 43 82 91 19 52 87 94 
Pb2+ 7 6 
1h 1i 1j 
0.12:20 0.6:20 1:2 1:1 0.12:20 0.6:20 1:2 1:1 0.12:20 0.6:20 1:2 1:1 
Na+ 7 20 27 42 75 21 38 80 




Ca2+ 17 26 15 27 63 15 30 74 
Ba2+ 22 
Al3+ 
Cu2+ 11 22 
Ag+ 12 9 22 21 10 12 12 23 8 15 33 41 
Cd2+ 
Hg2+ 17 49 88 90 39 78 93 97 37 74 91 95 











1k 1l 1m 
0.12:20 0.6:20 1:2 1:1 0.12:20 0.6:20 1:2 1:1 0.12:20 0.6:20 1:2 1:1 
Na+ 10 66 16 25 79 25 46 85 
K+ 24 42 89 27 47 90 25 53 97 
Rb+ 7 8 35 71 
Cs+ 8 17 39 75 94 
Mg2+ 
Ca2+ 20 31 72 22 29 64 6 6 26 97 
Ba2+ 18 55 31 82 99 
Al3+ 
Cu2+ 17 51 
Ag+ 6 11 9 23 49 96 14 31 63 
Cd2+ 
Hg2+ 54 91 94 99 50 87 93 96 51 82 93 96 
Pb2+ 7 9 28 24 83 99 
 
1n 1o 1p 
0.12:20 0.6:20 1:2 1:1 0.12:20 0.6:20 1:2 1:1 0.12:20 0.6:20 1:2 1:1 
Na+ 8 52 87 6 13 40 90 8 39 89 
K+ 13 46 95 21 51 96 6 14 46 96 
Rb+ 35 66 17 56 95 9 43 59 
Cs+ 15 71 92 53 87 99 37 69 85 
Mg2+ 
Ca2+ 7 6 33 95 35 96 40 97 
Ba2+ 13 67 94 40 88 ＞99 20 69 86 
Al3+ 
Cu2+ 8 20 41 15 50 92 10 65 77 
Ag+ 16 96 ＞99 ＞99 12 31 44 71 15 98 99 ＞99 
Cd2+ 6 
Hg2+ 48 80 92 95 51 83 96 97 50 80 94 96 
Pb2+ 6 58 69 48 94 ＞99 18 49 69 
Non-extractable ions 
Li+ ,  Ni2+ ,  Cr3+,  Fe3+,  Mn2+ ,  Zn2+ ,   Co2+ 
a The concentration of each metal ion is set at 0.1 mM with a total concentration of  
2 mM involving all the 20 ions in H2O, and that of the organic macrocyclic hosts 
ranges from 0.12 mM to 2 mM in CHCl3. Extractions were carried out in a biphasic 
system using equal volumes of H2O containing metal ions and CHCl3 containing 
organic host at 25 oC. All the reported data are averaged values over six runs with 





Hg2+ will increase to 81%. Foldarands 1d-1l further display preferential 
recognition of K+ ions over Na+ , Ca2+ and Ag+ ions, and the 1m and 1o both  
 prefer Cs+ , Ba2+ and Pb2+ ions over Rb+ , K+, Na+ , Ag+ , Ca2+ and Cu2+ ions. 
While at 0.6 mM of 1n and 1p , the two hosts show the better affinity toward 
the Ag+ over Na+ , K+ , Rb+ , Cs+ , Ca2+ , Ba2+ , Cu2+ and Pb2+ ions. The 
extraction efficiencies are 96% and 98%. With the increase in concentration 
from 0.12 mM to 2mM for 1d-1p , hosts 1f , 1h , 1j , 1l , 1n and 1p show 
better extraction efficiencies for Ag+ ion than the foldarands 1d , 1g , 1h , 1k , 






  In summary, we have designed and synthesized a new class of acyclic metal 
ion-binding foldamer molecules that possess solvent-independent robust 
conformations and that display insignificant conformational changes upon 
ion-binding. The specific cavity-enclosing foldarands 1d-1p studied in our 
current investigation were characterized by having multiple neutral 
electron-rich donor atoms whose inward-pointing convergent alignment for 
ion binding was realized mostly via non-covalent intramolecular H-bonds, 
rather than covalent forces as seen in the macrocyclic precedents and further 
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by having minimum conformational change resulting from ion coordination 
Different binding affinities and good degree of selectivity were found based on 
the results of ICP-MS analysis. The foldarands had intrinsic highly selective 
recognition and high capacity extraction of Hg2+ ions in the presence of many 
other metal ions using biphasic water–CHCl3 system. With the growth of the 
backbones and the increase of the concentrations, the foldarands also showed 
good affinities toward other cations,such as Na+ , K+ , Rb+, Cs+ , Ca2+ , Ba2+ , 


















2. 4 Experiment Section 
 
For synthesis of diethyl 4-oxo-1 ,4-dihydropyridine-3 , 5-dicarboxylate , 1a, 
see: Zheng , S. J.; Thompson , J. D.; Tontcheva , A.; Khan, S. I.; Rubin, Y. Org. 
Lett. , 2005 , 7 , 1861. 
 
 
A mixture of diethyl 1, 3-acetonedicarboxylate (0.2 mol , 
40 mL), triethyl orthoformate (0.4 mol , 60 mL) and 
urea (0.3 mol , 18.00 g) in 100 mL of xylene was heated 
to reflux for 4 hours. After all the urea was dissolved and light yellow 
precipitate formed, the formed ethanol was removed in vacuo, then the 
reaction mixture was allowed to reflux for another 1 hour. After cooling, the 
precipitate was filtered and washed with dichloromethane (3×50 mL) , dried 
under vacuum to give the pure compound 1a. Yield: 35.85 g , 75%. 1H NMR 
(500 MHz , DMSO-d6) δ 11.18 (s, 1H), 8.19 (s , 2H), 4.18 (q, J = 7.3Hz , 4H), 
1.25 (t , J = 7.3Hz , 6H). 
 
diethyl 1-octyl-4-oxo-1 , 4-dihydropyridine-3 , 5-dicarboxylate (1b) 
Compound 1a (23.90 g , 100.0 mmol) was dissolved in 













150.0 mmol) and 1-bromo-octane  (20.56 mL , 120.0 mmol) were added. The 
mixture was heated at 80℃ for 12 hours.  The reaction mixture was then 
filtered and the solvent was removed in vacuo. The residue was dissolved in 
CH2Cl2 (300 mL) , washed with water (3 x 400 mL) , and dried over 
anhydrous Na2SO4. Removal of CH2Cl2 in vacuo gave the crude product, 
which was subjected to column purification (MeOH/CH2Cl2 = 1/100) to yield 
the pure product 1b as a pale yellow oil. Yield: 28.43 g , 81%. 1H NMR (300 
MHz , CDCl3) δ 7.97 (s , 2H) , 4.27 (q , J = 7.1 Hz , 4H) , 3.82 (t , J = 7.3 Hz , 
2H) , 1.82-1.68 (m , 2H) , 1.35-1.10 (m , 16H) , 0.82 (t , J = 6.5 Hz , 3H). 13C 
NMR (75 MHz , CDCl3) δ 171.06 , 164.64 , 144.53 , 122.82 , 61.10 , 57.81 , 
31.43 , 30.40 , 28.78 , 28.74 , 25.88 , 22.35 , 14.08 , 13.82. HRMS-ESI: 
calculated for [M+Na]+ (C19H29O5N1Na)：m/z 374.1938 , found: m/z 374.1929. 
 
5-(ethoxycarbonyl)-1-octyl-4-oxo-1 , 4-dihydropyridine-3-carboxylic acid 
(1c) 
Compound 1b (17.55 g , 50.0 mmol) was dissolved in 
ethanol (150 mL) to which 0.2M KOH (250 mL , 50.0 
mmol) was added dropwise using a dropping funnel at 
room temperature. The mixture was allowed to stir at room temperature for 
overnight. Then ethanol was removed in vacuo and the aqueous layer was 
neutralized by addition of 1M HCl (70 mL). The precipitate crude product was 








purification (MeOH/CH2Cl2 = 1/100) to yield the pure product 1c as a white 
solid. Yield: 6.62 g , 41%. 1H NMR (300 MHz , CDCl3) δ15.25 (s , 1H) , 8.54 
(d , J = 2.4 Hz , 1H) , 8.30 (d, J = 2.4 Hz , 1H) , 4.38 (q , J = 7.1 Hz , 2H), 
4.05 (t , J = 7.4 Hz , 2H) , 1.95 – 1.75 (m , 2H) , 1.38 (t , J = 7.1 Hz , 3H) , 
1.34 – 1.19 (m , 10H) , 0.85 (t , J = 6.8 Hz , 3H). 13C NMR (75 MHz , CDCl3) 
δ 176.23 , 165.60 , 163.01, 146.53 , 145.66, 121.12 , 119.43, 61.89 , 59.01 , 
31.52 , 30.68 , 28.86 , 28.80 , 25.96 , 22.45 , 14.19 , 13.93. HRMS-ESI: 




Compound 1c (6.46 g , 20.0 mmol) was dissolved in 
THF/DMF (50 mL/35 mL) with an installation of 
balloon on top of the round bottom flask. This solution 
was cooled to 0ºC using an ice bath. 4-methylmorpholin (2.40 mL , 24.0 mmol) 
and ethyl chloroformate (2.40 mL , 24.0 mmol) was injected to the cooled 
solution. The mixture was allowed to stir for 25 minutes. Then sodium azide 
(1.95 g , 30.0 mmol) dissolved in minimal amount of water was injected into 
the cooled solution. 30 minutes later, THF was removed in vacuo at 28℃. The 
mixture was then dissolved in 180 mL CH2Cl2 , washed with water (3 x 300 
mL) and dried over anhydrous Na2SO4. Then CH2Cl2 was removed in vacuo 










mL, 30.0 mmol) was added. The reaction was allowed to stirred at 90℃ for 30 
hours. Removal of toluene in vacuo gave the crude product, which was 
subjected to column purification (EA/n-hexane = 1/3) to yield the pure product 
1d as a white solid. Yield: 3.95 g , 50%. 1H NMR (500 MHz , CDCl3) δ 8.29 
(s, 1H) , 8.07 (d , J = 2.3 Hz , 1H), 7.94 (s , 1H), 4.36 (q , J = 7.1 Hz, 2H) , 
3.84 (t , J = 7.4 Hz , 2H), 1.87 – 1.77 (m , 2H) , 1.50 (s , 9H) , 1.38 (t , J = 7.1 
Hz , 3H), 1.33 – 1.23 (m , 10H) , 0.87 (t , J = 6.9 Hz , 3H). 13C NMR (125 
MHz , CDCl3) δ 167.16 , 165.28 , 152.90 , 141.59 , 133.25 , 123.01 , 113.45 , 
81.01 , 60.98 , 58.85 , 31.61 , 30.63 , 28.98 , 28.93 , 28.23 , 26.15 , 22.53 , 
14.33 , 14.00. HRMS-ESI: calculated for [M+Na]+ (C21H34O5N2Na)：m/z 
417.2360 , found: m/z 417.2353. 
5-(tert-butoxycarbonylamino)-1-octyl-4-oxo-1,4-dihydropyridine-3-carbo
xylic acid (1e) 
Compound 1d (3.15 g , 8.0 mmol) was dissolved in 
dioxane/H2O (40 mL/10 mL) to which 1.0M NaOH 
(16.0 mL , 16.0 mmol) was added. The mixture was 
allowed to stir at room temperature for 10 hours. Then H2O (100 mL) was 
added to the solution , which was then neutralized by addition of 1M AcOH 
(20.0 mL). Dioxane was removed in vacuo and the crude product was 
dissolved in 150 mL CH2Cl2 , washed with water (3 x 200 mL) and dried over 
anhydrous Na2SO4 to give a pure product 1e as a brown solid. Yield: 2.69 g , 










2.2 Hz , 1H) , 7.65 (s, 1H), 7.26 (s , 1H) , 3.97 (t , J = 7.4 Hz, 2H) , 2.00 – 
1.80 (m , 2H) , 1.56 (s , 9H) , 1.39 – 1.20 (m , 10H), 0.88 (t , J = 6.9 Hz , 3H). 
13C NMR (125 MHz , CDCl3) δ 169.77 , 166.30 , 152.48 , 140.42 , 131.82 , 
125.70 , 112.76 , 81.91 , 59.72 , 31.59 , 30.74 , 28.93 , 28.88 , 28.16 , 26.12 , 
22.52 , 13.99. HRMS-ESI: calculated for [M+Na]+ (C19H30O5N2Na)：m/z 
389.2074 , found: m/z 389.2032. 
 
ethyl 5-amino-1-octyl-4-oxo-1 , 4-dihydropyridine-3-carboxylate(1f) 
Compound 1d (1.97 g , 5.0 mmol) was dissolved in 
ethanol (70 mL) , to which concentrated H2SO4 (5.0 mL) 
was slowly added to the solution. The reaction was 
allowed to stir at room temperature for 12 hours. Then the reaction mixture 
was neutralized using saturated aquous solution of NaHCO3. The product was 
extracted with CH2Cl2 (4 x 60 mL). Combination of the organic layer and 
dried over anhydrous Na2SO4 to give the pure product 1f. Yield: 1.43 g , 
97%.1H NMR (500 MHz , CDCl3) δ 7.95 (d , J = 2.2 Hz, 1H) , 6.90 (s , 1H) , 
4.37 (q , J = 7.1 Hz , 2H) , 3.79 (t , J = 7.2 Hz , 2H) , 1.84 – 1.71 (m , 2H) , 
1.39 (t , J = 7.1 Hz , 3H), 1.31 – 1.22 (m, 10H) , 0.88 (t , J = 7.0 Hz , 3H). 13C 
NMR (126 MHz , CDCl3) δ 168.37 , 166.09 , 141.41 , 139.82 , 116.15 , 
112.03, 76.80 , 60.72 , 58.38 , 31.65 , 30.53 , 29.00 , 26.18 , 22.56 , 14.42 , 










3-carboxamido)-1-octyl-4-oxo-1 , 4-dihydropyridine-3-carboxylate (1g) 
Compound 1e (1.83 g , 5.0 mmol) , compound 
1f (5.0 mmol) , HBTU (2.13 g , 5.5 mmol) 
and HOBt (0.73 g , 5.5 mmol) were dissolved 
in DMF (30 mL) , to which DIEA (1.81 mL , 10.0 mmol) was added to the 
solution. The reaction was allowed to stir at room temperature for 24 hours. 
Then DMF was removed in vacuo and the residue was dissolved in CH2Cl2 
(200 mL) , washed with water (3 x 300 mL) and dried over Na2SO4 to give the 
crude product , which was subjected to column purification (MeOH/CH2Cl2 = 
1/100) to yield the pure product 1g as a colorless oil. Yield: 2.76 g , 86%. 1H 
NMR (500 MHz , CDCl3) δ 12.90 (s , 1H) , 8.85 (d , J = 2.3 Hz, 1H) , 8.33 (s , 
1H) , 8.25 (d , J = 2.2 Hz , 1H) , 8.07 (d , J = 2.3 Hz , 1H) , 8.03 (s, 1H) , 4.33 
(q , J = 7.1 Hz , 2H) , 3.89 (t , J = 7.3 Hz , 2H) , 3.83 (t , J = 7.3 Hz , 2H) , 
1.85 – 1.75 (m , 4H) , 1.47 (d , J = 3.6 Hz , 9H), 1.35 (t , J = 7.1 Hz , 3H) , 
1.31 – 1.19 (m , 20H) , 0.83 (t , J = 6.8 Hz , 6H). 13C NMR (125 MHz , CDCl3) 
δ 167.92 , 167.60 , 165.86 , 163.22, 152.78 , 142.28 , 139.72 , 133.68 , 132.50 , 
126.05 , 123.59 , 114.82 , 114.61 , 80.94 , 60.82 , 59.09 , 58.51 , 38.47 , 31.52 , 
31.51 , 30.57 , 30.46 , 28.87 , 28.84 , 28.83 , 28.12 , 28.07 , 26.07 , 22.42 , 
14.28 , 13.86. HRMS-ESI: calculated for [M+Na]+ (C35H54O7N4Na)：m/z 
















yl-4-oxo-1 , 4-dihydropyridine-3-carboxylate(1h) 
Compound 1g (2.25 g , 3.5 mmol) was 
dissolved in ethanol/ CH2Cl2 (50 mL/10 mL) , 
to which concentrated H2SO4 (4.0 mL) was 
slowly added to the solution. The reaction was allowed to stir at room 
temperature for 12 hours. Then the reaction mixture was neutralized using 
saturated aquous solution of NaHCO3. The product was extracted with CH2Cl2 
(4 x 50 mL). Combination of the organic layer and dried over anhydrous 
Na2SO4 to give the pure dimer amine 1h. Yield: 1.82g , 96%. 1H NMR (500 
MHz , CDCl3) δ 13.21 (s , 1H), 8.94 (d , J = 2.4 Hz , 1H) , 8.11 (d , J = 2.1 Hz ,  
2H) , 7.11 (s , 1H) , 4.36 (q , J = 7.1 Hz , 2H) , 3.89 – 3.82 (m , 4H) , 1.87 – 
1.76 (m , 4H) , 1.38 (t , J = 7.1 Hz , 3H) , 1.32 – 1.21 (m , 20H) , 0.86 (td , J = 
7.0 , 5.0 Hz , 6H). 13C NMR (126 MHz , CDCl3) δ 169.08 , 167.86 , 165.77 , 
164.59 , 142.14 , 141.07 , 137.41 , 134.11 , 126.10 , 117.29 , 114.65 , 113.20 , 
60.85 , 58.67 , 31.67 , 30.60 , 29.01 , 26.21 , 22.56 , 14.44 , 14.03 . 




















 Compound 1e (1.83 g , 3.5 mmol), dimer 
amine 1h (3.5 mmol) , HBTU (1.47 g , 3.8 
mmol) and HOBt (0.50 g , 3.8 mmol) 
were dissolved in DMF (25 mL), to which 
DIEA (1.27 mL , 7.0 mmol) was added to the solution. The reaction was 
allowed to stir at room temperature for 24 hours. Then DMF was removed in 
vacuo and the residue was dissolved in CH2Cl2 (200 mL) , washed with water 
(3 x 300 mL) and dried over Na2SO4 to give the crude product, which was 
subjected to column purification (MeOH/CH2Cl2 = 1/50) to yield the pure 
product 1i as a white solid. Yield: 2.25 g , 72%. 1H NMR (500 MHz , CDCl3) 
δ 13.07 (s , 1H) , 12.96 (s , 1H) , 8.96 (d , J = 2.3 Hz , 1H) , 8.90 (d , J = 2.3 
Hz , 1H) , 8.37 (s , 1H) , 8.32 (d , J = 2.3 Hz , 1H) , 8.27 (d , J = 2.3 Hz , 1H) , 
8.10 (d , J = 2.4 Hz , 1H) , 8.04 (s , 1H) , 4.42 (q , J = 7.1 Hz , 2H) , 3.92 (dd , 
J = 13.2 , 6.8 Hz , 5H) , 3.84 (t , J = 7.3 Hz , 2H) , 1.90–1.81 (m , 6H) , 1.54 
(s , 9H) , 1.40 (t , J = 7.1 Hz , 3H) , 1.34 – 1.21 (m , 30H) , 0.90 – 0.88 (m , 
9H). 13C NMR (125 MHz , CDCl3) δ 169.00 , 167.96 , 167.48 , 166.00 , 
163.62 , 163.50 , 152.95 , 142.36 , 140.48 , 139.72 , 133.73 , 132.89 , 132.53 , 
126.81 , 126.41 , 123.59 , 115.75 , 114.83 , 114.45 , 81.08 , 60.88 , 59.20 , 
59.02 , 58.55 , 31.63 , 31.61 , 30.67 , 30.61 , 30.58 , 28.97 , 28.95 , 28.22 , 
27.96 , 26.17 , 22.52 , 14.45 , 13.98. HRMS-ESI: calculated for [M+Na]+ 



























 Yield: 1.5 g , 95%. 1H NMR (300 MHz , 
CDCl3) δ 13.62 (s , 1H), 13.09 (s , 1H), 
9.18 (s , 1H), 9.02 (s , 1H), 8.33 (d , J = 
2.1 Hz , 1H) , 8.12 – 8.04 (m , 3H) , 4.29 
(d , J = 7.1 Hz , 2H) , 4.02 (s , 2H) , 3.96 – 3.87 (m , 4H) , 1.88 (s , 6H) , 1.34 
(s , 3H) , 1.22 (d , J = 16.3 Hz , 30H) , 0.84 (dd , J = 12.2 , 5.6 Hz , 9H). 13C 
NMR (75 MHz , CDCl3) δ 169.09 , 167.89 , 165.93 , 163.94 , 143.25 , 141.69 , 
139.97 , 135.15 , 133.68 , 126.63 , 115.29 , 112.12 , 60.14 , 59.02 , 58.70 , 
58.01 , 31.60 , 30.90 – 30.27 , 28.97 , 26.16 , 22.48 , 14.26 , 13.95 . 




























Compound 1e (0.73 g , 2.0 mmol) , 
trimer amine 1j (2.0 mmol) , HBTU 
(0.85 g , 2.2 mmol) and HOBt (0.29 g , 
2.2 mmol) were dissolved in DMF (20 
mL) , to which DIEA (0.73 mL , 4.0 mmol) was added to the solution. The 
reaction was allowed to stir at room temperature for 24 hours. Then DMF was 
removed in vacuo and the residue was dissolved in CH2Cl2 (150 mL) , washed 
with water (3 x 250 mL) and dried over Na2SO4 to give the crude product, 
which was subjected to column purification (MeOH/CH2Cl2=1/50) to yield the 
pure product 1k as a white solid. Yield: 1.53 g , 67%. 1H NMR (500 MHz , 
DMSO-d6/CDCl3 = 5/1) δ 12.79 (s , 1H) , 12.73 (s , 1H) , 12.69 (s, 1H) , 9.10 
(s , 2H) , 8.95 (s , 1H), 8.55-8.43 (m , 5H) , 8.31 (s , 1H) , 4.24 (dd , J = 14.0 , 
7.0 Hz , 2H) , 4.16 (s , 6H) , 4.04 (s , 2H) , 1.83-1.74 (m , 8H) , 1.51 (s , 9H) , 
1.35 – 1.17 (m , 43H) , 0.84 (q , J = 6.7 Hz , 12H). 13C NMR (126 MHz , 
CDCl3) δ 167.99 , 167.93 , 167.93 , 167.60 , 166.51 , 164.13 , 164.13 , 162.57 , 
162.54 , 162.46 , 152.25 , 142.36 , 141.28 , 141.21 , 140.81 , 132.46 , 131.84 , 
131.49 , 127.16 , 126.27 , 125.23 , 114.63 , 114.49 , 113.88 , 113.71 , 79.87 , 
59.52 , 57.74 , 57.18 , 31.10 , 30.29 , 30.14 , 28.46 , 28.41 , 27.79 , 25.45 , 
21.98 , 14.20 , 13.76. HRMS-ESI: calculated for [M+Na]+ (C63H94O11N8Na)：
































Yield: 0.94g , 90%. 
1H NMR (500 MHz , DMSO) δ 13.25 
(s, 1H) , 12.81 (s , 1H), 12.63 (s , 1H), 
9.13 (d , J = 2.1 Hz , 1H), 9.11 (d , J = 
2.1 Hz , 1H) , 8.95 (d , J = 2.2 Hz , 1H), 8.54 (dd , J = 3.4 , 2.3 Hz , 2H) , 8.34 
(d , J = 2.2 Hz , 1H) , 8.22 (d , J = 2.1 Hz , 1H) , 7.23 (d , J = 2.1 Hz , 1H) , 
4.27 – 4.22 (m , 2H) , 4.18 (t , J = 6.6 Hz , 4H) , 4.09 – 4.00 (m , 4H) , 1.74 (s , 
9H) , 1.28 – 1.18 (m , 42H) , 0.85 – 0.80 (m , 12H). 13C NMR (75 MHz , 
CDCl3) δ 168.54 , 164.87 , 164.18 , 162.62 , 142.36 , 140.35 , 133.03 , 132.41 , 
126.54 , 115.39 , 114.94 , 76.54 , 62.94 , 60.81 , 59.01 , 31.63 , 30.69 , 29.05 , 
26.23 , 22.50 , 15.25 , 14.05. HRMS-ESI: calculated for [M+Na]+ 


































Compound 1e (0.73 g , 2.0 mmol), 
tetramer amine 1l (1.0 mmol) , HBTU 
(0.43 g , 1.1 mmol) and HOBt (0.15 g , 
1.1 mmol) were dissolved in DMF (15 
mL) , to which DIEA (0.37 mL , 2.0 
mmol) was added to the solution. The 
reaction was allowed to stir at room temperature for 24 hours. Then DMF was 
removed in vacuo and the residue was dissolved in CH2Cl2 (50 mL) , washed 
with water (3 x 100 mL) and dried over Na2SO4 to give the crude product , 
which was subjected to column purification (MeOH/CH2Cl2 = 1/50) to yield 
the pure product 1m as a white solid. Yield: 1.03 g , 74%. 1H NMR (500 MHz , 
DMSO-d6) δ 12.86 (s , 1H) , 12.77 (s , 1H) , 12.72 (s , 1H) , 12.64 (s , 1H) , 
9.11 (s , 1H) , 9.06 (s , 1H) , 8.96 (d , J = 10.4 Hz , 1H) , 8.57-8.51 (m , 4H) , 
8.46 (s , 1H) , 8.43 (s , 1H) , 8.32 (s , 1H) , 8.30 (s , 1H) , 4.28 – 4.14 (m , 
10H) , 4.10-3.98 (m , 4H) , 1.78 (s , 10H) , 1.51 (d , J = 6.8 Hz , 9H) , 
1.33-1.21 (m , 50H) , 0.85 (s , 15H). 13C NMR (125 MHz , DMSO-d6) δ 
167.96 , 167.50 , 166.54 , 165.49 , 164.67 , 164.39 , 162.46 , 152.26 , 152.13 , 
152.02 , 142.68 , 142.62 , 142.46 , 141.47 , 141.41 , 141.36 , 141.29 , 141.22 , 
141.04 , 132.43 , 131.87 , 131.74 , 131.51 , 131.38 , 131.30 , 130.13 , 127.25 , 
126.47 , 125.51 , 125.45 , 114.73 , 114.68 , 114.59 , 114.56 , 114.52 , 114.47 , 

































30.27 , 30.12 , 28.52 , 28.47 , 28.43 , 28.40 , 28.34 , 27.82 , 27.43 , 25.47 , 
22.03 , 14.23 , 13.83.HRMS-ESI: calculated for [M+K]+ (C77H114O13 N10K)：







Yield: 0.88 g , 92%. 1H NMR (500 MHz , 
CDCl3) δ 13.45 (s , 1H) , 13.13 (s , 1H) , 
12.66 (s , 1H) , 12.44 (s , 1H) , 9.12 – 8.99 (m , 
3H) , 8.85 (s , 1H) , 8.39 – 8.29 (m , 4H) , 8.03 
(d, J = 19.9 Hz, 2H), 4.20 (s, 2H), 4.09 (s, 2H), 
3.96 (dd , J = 14.5 , 6.3 Hz , 8H) , 1.86 (d , J = 24.1 Hz , 10H) , 1.25 (t , J = 
11.1 Hz , 53H) , 0.88 – 0.85 (m , 15H). HRMS-ESI: calculated for [M+K]+ 







































Compound 1e (0.44 g , 1.2 mmol) , 
tetramer amine 1n(0.6 mmol) , HBTU 
(0.26 g , 0.66 mmol) and HOBt (0.09 
g , 0.66 mmol) were dissolved in DMF 
(10 mL) , to which DIEA (0.22mL , 
1.2 mmol) was added to the solution. 
The reaction was allowed to stir at room temperature for 24 hours. Then DMF 
was removed in vacuo and the residue was dissolved in CH2Cl2 (50 mL), 
washed with water (3 x 100 mL) and dried over Na2SO4 to give the crude 
product, which was subjected to column purification (MeOH/CH2Cl2=1/50) to 
yield the pure product 1o as a white solid. Yield: 0.59g , 60%.1H NMR (500 
MHz , DMSO) δ 12.67 (s , 1H) , 12.63 (s , 1H) , 12.53 (s , 1H) , 12.47 (s , 
1H) , 12.35 (s , 1H) , 9.10 (t , J = 13.8 Hz , 4H) , 8.81 (s , 1H) , 8.51 (d, J = 
13.6 Hz , 4H) , 8.36 (s , 1H) , 8.16 (s , 1H) , 8.03 (s , 1H) , 7.97 (s , 1H) , 4.17 
(d, J = 7.5 Hz , 8H) , 4.07 (d , J = 6.7 Hz , 2H) , 3.99 – 3.93 (m , 4H) , 1.86 (d , 
J = 5.7 Hz , 13H) , 1.34 – 1.26 (m , 75H) , 0.87 (s , 18H). HRMS-ESI: 











































-oxo-1 , 4-dihydropyridine-3-carboxylate 
 
1H NMR (500 MHz , DMSO) δ 13.07 (s , 
1H) , 12.62 (s , 1H) , 12.45 (s , 1H) , 12.41 
(s , 1H) , 12.33 (s , 1H) , 9.09 (d , J = 10.9 
Hz , 2H) , 9.01 (d , J = 8.7 Hz  , 2H) , 
8.85 (s , 1H) , 8.53 – 8.48 (m , 4H) , 8.12 
(s , 2H) , 7.10 (s , 1H) , 4.16 (d, J = 7.6 Hz , 9H) , 4.06 (d , J = 7.1 Hz , 2H) , 
3.97 (dd , J = 17.3 , 9.6 Hz , 5H) , 1.85 (d , J = 6.2 Hz , 12H) , 1.29 (d , J = 9.7 
Hz , 66H) , 0.86 (d , J = 6.1 Hz , 19H). HRMS-ESI: calculated for [M+K]+ 
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Size-dependent Patterned Recognition and Extraction 




  Macrocyclic chemistry is one of the most promising and dynamic frontiers 
of the contemporary chemistry study. The research and identification of new 
macrocyclic molecules which have novel properties are the hotspot of the field. 
Persistently folded aromatic macrocycles with rigid, noncollapsible backbones, 
such as barylene ethynylene macrocycles,1a macrocyclic Schiff bases,1b 
porphyrin derivatives or analogues,1c and hydrogen bonded (H-bonded) 
macrocyclic foldamers,1d exhibit novel properties with potential for 
applications in chemistry, biology materials science, and medicine. The shape 
persistency and rigidity of these macrocyclic frameworks are induced by 
covalent forces,2a built-in hydrogen bonds (H-bonds),2b and intrinsic 
conformational bias of the backbone2c or functional groups such as urea,2d 
amide, 2e or sulfonamide,2f acting alone or in a cooperative manner. Owing to 
its robustness , predictability , and directionality , multiple-center H-bonding 
has become a top strategic choice for designing tailor-made macrocyclic 
aromatic foldamers.3 Such H-bonded aromatic macrocycles have been 
demonstrated to bind either neutral or cationic species,3, 4a act as ion 
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transporters across cell membranes,4b and stabilize DNA G-quadruplex 
structures.4c However, few synthetic macrocyclic systems allow systematic 
fine-tuning of interior properties while maintaining overall topographic 
persistence; even fewer have the proven propensity for selective metal ion 
recognition, a feature that may enable important uses as imaging agents, 
disease-rectifying therapeutics, etc. To the best of our knowledge, among 
shape-persistent aromatic macrocycles, currently there is only a few examples 
that maintains a high degree of precisely tunable interior physical properties 
including effective cavity size, steric crowdedness, hydrophobicity, and 
cation-binding capacity on the scale below 3 Å.5 
  Over the recent years since 2006,6   our group have been developing 
H-bonded macrocyclic aromatic pentamers that possess unique aesthetically 
pleasing fivefold symmetry in terms of structures,  their rapid syntheses  and 







   
 
Figure 3.1.  Representative macrocyclic aromatic pentamer structures 
synthesized by zeng group. 
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  In particular, circularly folded pyridone pentamers such as 1 now can be 
made by BOP-mediated H-bonding-assisted one-pot macrocyclization 
reactions with yields of up to 25% in about a day,7 greatly facilitating their 






  With its suitably sized non-collapsible cavity of 1.4 Å in radius formed by 
five convergently aligned interior-pointing carbonyl O-atoms, pentamer 1 has 
been recently found to be capable of high-affinity binding of 108 M-1 toward 
alkali metal ions in the water–CHCl3 system (Table 3.1).8  
Table 3.1 Association constants Kaa,b for 1 complexing alkali picrate salts 
from Li+ to Cs+ in H2O/CHCl3 at 25 oC determined by Cram’s method.  
 Li+ Na+ K+ Rb+ Cs+ 
Ka (x 10‐8 M)  2.28  1.78  0.57  0.24  0.18 
a [Guest] and [Host] at 10 mM. b Averaged values over three runs with 
standard deviations of ≤ 0.10 and with the assumption of 1:1 guest:host 
binding stoichiometry.2b 
 
The pentamer 1 can also be used as a highly efficient organocatalyst for the 
direct arylations of unactivated arenes.9 The cross-coupling reaction of 
4-iodoanisole with benzene was chosen as the model reaction for optimizing 
the reaction conditions (Figure 3.3) 
 
Figure 3.2  The synthesis of pentamer 1 which has a non-collapsible 





































   
 
 
  The arylations involved the use of 2 mol% of pentamer 1 and 3 equivalents 
of KOt-Bu at 120 ºC for 24 h. And the desired product was obtained in 99% 
yield. In the proposed catalytic cycle (Figure 3.4), the cation binding pentamer 
1 encapsulates the K+ inside its cavity and forms the complex I, which 
subsequently transfers a single electron to iodobenzene1, yielding the 











 Figure 3.4  The proposed catalytic cycle of arylation reactions. 
Figure  3.3   Arylation reaction catalyzed by pentamer 1. 
73 
 
From II, aromatic radical IV is formed that adds to benzene 2a to generate 
biaryl radical V. Oxidation of V by III produces cations VI and VII of which 
VI is deprotonated by tert-butoxide anion generated in situ to afford 
cross-coupled product 3, and VII reacts with KOt-Bu to re-generate complex I 




















3.2 Results and Discussion 
3.2.1 Design Principle 
  Previously, we have determined the binding affinities of alkali metal ions 
from Li+ to Cs+ by macrocyclic host 1 at 10 mM (Table 3.1) by using Cram’s 
method.10 Although we are not certain about the origin, the binding constants 
seem to correlate well with the ionic radii with the smallest one being bound 
the most tightly by the host. Given the organic nature of the picrate anions 
used in the experiments and that binding constants might vary dramatically 
among counter anions of various types, there is a poor link between the 
binding data compiled in Table 3.1 and the practical applications including 
selective ion extraction and transportation by 1. This necessitates the 
re-investigations of the ion-binding abilities of 1 toward not only alkali metal 
ions but also environmentally significant transition metal ions in order to 
discern its comprehensive ion-differentiating profiles and hopefully to provide 
certain pragmatic guiding principles for designing other closely related 









3.2.2 General Description of First Principle Computation 
and Optimized Structures 
3.2.2.1 Ab initio Molecular Modeling at the B3LYP/6-31G* 
Level for Complexes Formed between 1 and Different 
Cations 
  All the calculations were carried out by utilizing the Gaussian 09 program 
package. The geometry optimizations were performed at the density functional 
theory (DFT) level, and the Becke’s three parameter hybrid functional with the 
Lee-Yang-Parr correlation functional (B3LYP) method was employed to do 
the calculations. The 6-31G(d , p) basic from the Gaussian basis set library has 
been used in all the calculations in Chloroform. The harmonic vibrational 
frequencies and zero-point energy corrections were calculated at the same 
level of theory.   
 From the computed structures, a few points can be noted. Firstly, an enclosed 
cavity of 2.85 Å in radius measured from the center of nucleus of O-atoms to 
the center of the cavity in 1 is able to accommodate a metal ion as large as Rb+ 
with a radius of 1.52 Å, still producing a distortionless planar complex 1●Rb+ 
(Figure 3.5f). Secondly, larger ions of ≥ 1.3 Å in radius can form five strong 
coordination bonds with the five interiorly arrayed O-atoms with Au+ being 
skewed to one side and in closer contacts with three O-atoms (Figure 3.5 a-f), 
and the binding energy released seems to be sufficiently large to “strip” off 














and subsequently bring the ions from aqueous phase to chloroform layer. 
Thirdly, being kept at bay from the three essentially nonmobile 
inward-pointing carbonyl O-atoms in 1, smaller ions of ≤ 1.20 Å mostly form 
only two coordination bonds with the remaining two O-atoms (Figure 3.5 g-p 
and Figure 3.6), leading to moderate, low or no apparent extractions by 1. In 
the only three cases where three to five coordination bonds are possibly 
Figure 3.5   The computationally optimized structures of 1●Mn+ at the level of 
B3LYP/6-31G(d , p) in chloroform. All the CPK models were built based on the 
van der Waals radius (Gray: H = 1.20 Å; Green: C = 1.70 Å; Blue: N = 1.55 Å; 
Red: O =1.52 Å). The yellow atoms in all the structures refer to metal cations 
whose radii were specified in the respective parenthesis.9 The structures in a)-l) are 
arranged in a decreasing order of extraction efficiencies. With ions being forced 
into the vicinity of one of the five partially positively charged amide H-atoms in k) 
and o),  the amide H-atom is also forced to point away from the molecular plane 


































       h)            i)         j)          k)                        l)               m)                
    n)              o)                      p) 
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formed in 1●Ca2+ (Figure 3.5 l), 1●Cd2+ (Figure 3.5m) and 1●Zn2+ (Figure3.5 
p), distortions of macrocyclic backbones seen in these complexes apparently 




















Figure 3.6  Computationally optimized structures of 1●Mn+ at the level of 
B3LYP/6-31G(d,p) in chloroform. All the CPK models were built based on the van 
der Waals radius (Gray: H = 1.20 Å; Green: C = 1.70 Å; Blue: N = 1.55 Å; Red: O 
=1.52 Å). The yellow atoms in all the structures refer to metal cations whose radii 
were specified in the respective parenthesis. With ions being forced into the 
vicinity of one of the five partially positively charged amide H-atoms in d)-f),  the 
amide H-atom is forced to point away from the molecular plane due to the strong 
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3.2.2.2 Rationale on the Use of Computationally 
Determined 1●Mn+ Complexes Containing no Water 
Molecules to Explain the Observed Size-dependent 
Extractions by 1 
  The binding of metal ions by pentameric host 1 apparently involves two 
steps. In step 1, the fully naked ions are brought into the planar cavity of 1. 
Upon binding by planar 1, these metal ions need only two more water 
molecules to satisfy their six-coordinate requirement, which can be easily 
accomplished in step 2 where the two water molecules approach the 
pentamer-metal ion complex from the two unoccupied axial positions. 
Regardless of whether steps 1 and 2 proceed in sequential or concurrent 
fashions and how complicated the binding process could be, the ability of the 
metal ions to fit inside the cavity as well as possible, to form as many 
coordination bonds as possible and to produce the minimum distortion of the 
pentameric backbone of 1 in step 1 is a real factor and should constitute one of 
decisive factors that helps to determine the binding of ions by 1 (other primary 
factors may include the energetic loss in “stripping off” four water molecules 
occupying the same plane by 1 in step 1, energetic gain from the formation of 
coordination bonds between 1 and metal ions, and hydration energy involving 
two axially coordinated water molecules in step 2. Certainly, the situation will 
become more complicated if the interactions of host molecule with water and 
(de)hydration energy involving secondary hydration shell are further 
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considered. Since the two axially coordinated water molecules always stay 
associated with the metal ions before or after the binding of metal ions by 1, 
the computationally determined pentamer-metal ion complexes without two 
axially coordinated water molecules should allow us to qualitatively explain 
the observed trend. If metal ions do not fit into the cavity well, then the 
resulting energetic penalties arising from distorting the pentameric backbone 
of the host plus dehydration energy involving four water molecules must be 
paid for by coordination bonds formed between pentamer and metal ions. In 
the simplest scenarios where the coordination energy provided by pentamer is 
equal to or less than the dehydration energy involving removing four water 
molecules from metal ions upon the formation of pentamer-metal ion 
complexes, then the distortion of the pentameric backbone in 1 caused by the 
binding of metal ions will have to be fully compensated for by the hydration 
energy involving two axially coordinated water molecules. However, this 
compensation is unlikely to happen in many cases (or could be insufficient) 
since the two axially coordinated water molecule already stay associated with 
the metal ions before binding of metal ions by 1. These scenarios probably are 
applicable to metal ions with very small radii that lead to the formation of two 
coordination bonds between host and metal ions, which is not sufficiently 
large enough to remove four water molecules associated with the metal ions to 
form the complex. Therefore, even though the structures for pentamer-metal 
ion complexes with and without axially coordinated water molecules could be 
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different, the optimized structures without axially coordinated water molecules 
should provide good insights for us to qualitatively explain the observed trend 
on the “size-dependent” extractions by 1.   
  Nitrate anions generally stay outside the first hydration shell and should not 
be the decisive factor that determines the ion binding by 1. For examples on 
the nitrate salts of Mg2+, Fe3+ and Al3+ where nitrate anions bind metal ions 
less strongly than water molecules, and so stay outside the first hydration shell 
that is octahedral,. Even if in some cases, the nitration anions bind to 1 more 
strongly than water molecules, they probably won’t affect the binding of metal 
ions by 1 to appreciable extents since 1 bearing a planar backbone has two 
axial vacancies that are available for counter anions. That means, tightly 
associated nitrate anions can always stay tightly associated with metal ions for 
mono- and divalent metal ions before and after extractions, and so probably 
should not dramatically interfere with the binding of metal ions by the host. 
By assuming a seven-coordinate environment for Cs+ for which three water 
molecules are coordinated to Cs+ from the same side in 1●Cs+ complex and a 
six-coordinate environment for all the other metal ions for which two water 
molecules are axially coordinated to Mn+ from different sides in 1●Mn+ 
complexes, we have computationally optimized 1●Cs+ complex containing 
three water molecules on the same side, and another twenty-one 1●Mn+ 
complexes containing two water molecules occupying two axial positions. For 

























Figure 3.7  Computationally optimized structures of water-containing complexes 1●Mn+ at 
the level of B3LYP/6-31G(d,p) in chloroform. All the CPK models were built based on the 
van der Waals radius (Gray: H = 1.20 Å; Red: O =1.52 Å). The yellow atoms in all the 
structures refer to metal cations whose radii were specified in the respective parenthesis. 
     a)             b)            c)             d)            e)    



















































computationally optimized. It is interesting to note that all the highly distorted 
structures without water molecules (Figure 3.5 k-m and p) now become planar 
upon the addition of two water molecules at axial positions (Figures 3.7-3.8). 
This suggests that energy for re-planarizing the distorted backbones in host 1 
caused by metal ions be paid for by hydration or coordination energies. As 
Figure 3.8 Computationally optimized structures of water-containing complexes 1●Mn+ at 
the level of B3LYP/6-31G(d,p) in chloroform. All the CPK models were built based on the 
van der Waals radius (Gray: H = 1.20 Å; Red: O =1.52 Å). The yellow atoms in all the 
structures refer to metal cations whose radii were specified in the respective parenthesis. 


















discussed above, our use of the structures without water molecules to 




3.2.3 Synthesis of Macrocyclic Pyridone Pentamers 
  To overcome the low-yielding synthetic bottleneck and prompted by the 
successful precedents and our own recent works11a-b on the use of one-pot, 
H-bonding-assisted macrocyclization to efficiently generate varying 
macrocycles, we tried to explore the possibility to efficiently and selectively 
synthesize cyclic pentamers in one-pot from their monomeric building blocks. 
Due to its poor solubility in almost all kinds of different organic solvents, 
pentamer 3 (Scheme 3.1) easily precipitates out of the solution and can be 
purified easily by washing the precipitated 3 with excessive solvents (CH2Cl2, 
MeOH, etc), 3 was therefore chosen as an ideal substrate for the initial 
screening of varying reagents that can selectively promote one-pot synthesis of 
circular pentamer (Table 3.2). And we tried most of the commonly used 
coupling reagent. The result in Table 3.2 shows that all of the coupling 
reagents except BOP failed to produce detectable amounts of circular 
pentamer 3. A chemical yield of 25% is considered quite good with respect to 






Scheme 3.1   Synthesis of Macrocyclic Pyridone Pentamers 
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dedicated months’ efforts. The influence of the amount of coupling reagent 
(BOP) is not very dramatic, the use of 1, 2 or 3 equivalents of BOP gave 
pentamer 3 with 18%, 25% or 26% yield, respectively (Table 3.2). 
 
Table 3.2 Searching suitable coupling reagent for one-pot preparation of 
circular pentamer 3. 
Coupling Reagent Solvent Yield (%) 
BOP DCM 25 
BOPe DCM 18 
BOPf DCM 26 
PyBOP DCM -d 
POCl3 DCM -d 
Ph3PCl2 DCM -d 
P(OPh)3 DCM -d 
CDI DCM -d 
EDCb DCM -d 
BOP DCM/DMF (1/1) c 11 
DCCb DCM/DMF (1/1) c -d 
HATU DCM/DMF (1/1) c -d 
HATU+Hobt DCM/DMF (1/1) c -d 
TSTU DCM/DMF (1/1) c -d 
HBTU+Hobt DCM/DMF (1/1) c -d 
a. Reaction condition：Reaction conditions: 3a (0.2 mmol), coupling reagents 
(0.4 mmol), base (0.6 mmol), solvent (3.0 ml), room temperature, 30 hrs. 
b. No base was added. 
c. DMF was added in order to dissolve the coupling reagent. The solvent is 
DMF/DCM=1.5/1.5 (mL). d. No product could be detected.   
e. 1 equivalent of BOP was added.   f. 3 equivalent of BOP was added. 
Other solvents permitting one-pot preparation of 3 include CHCl3 (19%), 
acetonitrile (17%), THF (17%), DMF (8%) and DMSO (6%) (Table 3.3). 
Possibly as a result of their strong H-bonding abilities that disrupt the crescent 
conformation in the intermediate oligomers that is a prerequisite for the 
efficient backbone cyclization, the use of DMF or DMSO seems to 
significantly impede the macrocyclization reaction, resulting in low yields. 
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Table 3.3 Effects of solvent on one-pot preparation of circular pentamer 3a 







a. Reaction conditions: 3a (0.2 mmol), BOP (0.4 mmol), DIEA (0.8mmol), solvent 
(3.0 mL), room temperature, 30 hrs. 
The general utility of one-pot macrocyclization conditions was demonstrated 
by the satisfactory preparation of other circularly folded aromatic, sharing the 
same aromatic backbone but differing by exterior (R) side chains (Scheme 3.1). 
Although the chemical yield of the cyclization of monomers with repeating 
OCH2CH2 unit is comparatively lower than that of the aliphatic sidechains 
(Table 3.4), considering their potential uses in forming such as vesicles and 
transmembrane ion channels, the yield is still quite acceptable. 
 
Table 3.4 Effects of sidechain on one-pot preparation of circular pentamera 
Circular Pentamer R Yield(%) 
1 -C8H17 18 
3 - iso-butyl 23 
4 -CH2CH2OCH2CH3 12 
5 -(CH2CH2O)2CH3 10 
6 -(CH2CH2O)3CH3 16 
a. Reaction conditions: na (0.2 mmol), BOP (0.4 mmol), DIEA (0.8mmol), 
DCM (6.0 mL), room temperature, 30 hrs. (Because the solubility of the 
amino acid with OCH2CH2 sidechain was not as good as the ones with 
iso-butyl or C8H17, more of the solvent needed to be added. In order to 
compare the sidechain effect, the reaction of monomers with C8H17 and 
iso-butyl were also done in 6mL solvent rather than 3mL mentioned in the 




Due to the poor solubility of monomeric building block for pentamer 2 in 
DCM, CHCl3, Acetonitrile and THF, DMF needed to be added to solve the 
solubility issue. However, we found that the chemical yield significantly 
decreased when DMF was added. We could only get 2% yield in pure DMF. 
Other solvent combination also gave quite low yield (Table 3.5, entry 2, 4 
and 5). Considering the DMF influence on the intra-molecular H-bonds, we 
tried to use DMF as less as possible. And a quite decent yield of 10% could 
be obtained when the ratio of DCM/DMF was changed to 6/1.  
 
Table 3.5 Effects of solvent on one-pot preparation of circular pentamer 2a 
Solvent Volume (mL) Yield (%) 
DMF 2 2 
DCM/ DMF 3/1 3 
DCM/ DMF 6/1 10 
Acetonitrile/DMF 3/1 3 
DCM/Acetonitrile 3/3 5 
a. Reaction conditions: 2a (0.2 mmol), BOP (0.4 mmol), DIEA (0.8mmol), room 










3.2.4 Solid State Conformation Study of Cyclic Pentamer 
  The single crystal of pentamer 3 was obtained by diffusion method in the 
solvent pair of DMSO/MeOH. Typically, 0.4 mL of DMSO was added to the 
sample vial containing 0.4 mg of pentamer 3 to produce a clear solution which 
was then transferred to a NMR tube. 100 µL of DMSO was added onto the top 
of the solution. The rest of the NMR tube was filled with MeOH. Keeping the 
NMR tube untouched at the room temperature for about 2 or 3 months, 














































Table 3.6 Crystal data and structure refinement for pentamer 3. 
Empirical formula  C50 H60 N10 O10 
Formula weight  961.08 
Temperature  153(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 23.3719(6) Å      = 90°. 
 b = 10.7207(3) Å      = 90°. 
 c = 26.6334(7) Å      = 90°. 
Volume 6076.8(3)Å3 
Z 4 
Density (calculated) 1.050 Mg/m3 
Absorption coefficient 0.612 mm-1 
F(000) 2040 
Crystal size 0.20 x 0.10 x 0.08 mm3 
Theta range for data collection 2.12 to 63.67°. 
Index ranges                           -26<=h<=27,-12<=k<=12, -30<=l<=28 
Reflections collected 37443 
Independent reflections 9823 [R(int) = 0.0676] 
Completeness to theta = 63.67° 98.2 %  
Absorption correction Semi-empirical from equivalents 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9823 / 265 / 581 
Goodness-of-fit on F2 1.087 
Final R indices [I>2sigma(I)] R1 = 0.1641, wR2 = 0.3507 
R indices (all data) R1 = 0.1793, wR2 = 0.3594 









3.2.5 Cation Extraction by the Macrocyclic Aromatic 
Pentamer 
3.2.5.1General Remarks  
  All the chemicals were obtained from commercial suppliers and used as 
received unless otherwise noted. Aqueous solutions were prepared from MiliQ 
water.  The ICP datas were recorded on Thermo Fisher X Series 2.And Hg2+ 
detection was done by Analytik Jena mercur plus Hg. 
 
3.2.5.2 Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) 
  As we known, circularly folded pyridone pentamers such as pentamer 1-6 
now can be made by BOP-mediated H-bonding-assisted one-pot 
macrocyclization reactions with yields of up to 25% in about a day, greatly 
facilitating their subsequent functional elaborations. Because of its good 
solubility in CHCl3 , and and further considering that the effect of the 
side-chain for cation binding should be minimum, pentamer 1 is chosen to do 
the following extraction experiments. 
In chapter 2 we have discussed the detailed procedure of the extraction 
experiment. All the solutions that were used for ICP-MS analysis in 
chapter 3 were prepared according to the procedure. In a typical 
experimental set-up using biphasic water–CHCl3 extraction system, the 
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concentration of each of 18 metal ions is set constant at 0.10 mM in 
H2O, and that of 1 is variable, ranging from 0.12 mM to 1.80 mM in 
CHCl3. The ratio of the concentration of the host, [1], over that of 
individual metal ion, [individual metal ion], therefore varies from 1.2 to 
18. Equal volumes of H2O containing 1.80 mM metal ions and CHCl3 
containing 0.12 – 1.80 mM of host 1 were mixed and shaked for 24 
hours at 25 oC. Ion extractions from aqueous phase to chloroform layer 
were monitored by measuring the residual concentrations of various 
metal ions in H2O layer. To ensure that the data obtained are consistent 













31 6 - - - - - - - - 37 
18-crown-6 - - 11 - - - - - 14 - 25 
1 
0.54 mM 
97 90 74 47 23 14 10 - 10 8 380 
18-crown-6 - - 61 - - 46 - 11 30 - 148 
1 
0.90 mM 
>99 >99 89 83 60 53 38 13 14 15 557 
18-Crown-6 - - 96 - - 88 6 8 71 - 249 
1 
1.80 mM 
>99 >99 >99 >99 85 86 60 94 55 52 839 
18-Crown-6 - - 98 - 9 95 16 8 98 - 324 
21-Crown-7 
3.60 mM 
29 - 11 21 - 14 - - 9 - 84 
Valinomycin 9 - 8 12 20 - - 9 - - 58 
Non-extractable ions 
Li+, Mg2+, Al3+, Mn2+, Fe3+, Ni2+, Zn2+, Cd2+ 
a The concentration of each metal ion is set at 0.10 mM with a total concentration of 
1.80 mM involving all the 18 ions in H2O containing 1% HNO3, and that of 
macrocyclic hosts 1 and 18-crown-6 ranges from 0.12 mM to 1.80 mM in CHCl3 
while the concentration of 21-crown-7 and valinomycin is 3.60 mM. Extractions 
were carried out in a biphasic system using equal volumes of H2O containing metal 
ions and CHCl3 containing organic host at 25 oC. The [host]/[individual metal ion] 
ratio ranges from 1.2, 5.4, 9.0 to 18 for 1 and 18-crown-6. All the reported data are 
averaged values over six runs with relative errors within 3%, and only extraction 
efficiencies of ≥ 6% are listed. b Total extraction is the sum of all the measurable 
extraction efficiencies for the ions.
Table 3.7 Extraction efficiencies (%) of 18 metal ions in their nitrate salts by 
macrocyclic host 1, 18-crown-6 ether, 21-crown-7 ether and valinomycin as 
determined by inductively coupled plasma mass spectrometry (ICP).a 
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repeated three times, and the whole experiment including preparation of 
a new batch of sample solutions, extractions and measurements were 
repeated one more time. Averaging the data over 6 measurements gave 
the final extraction data with relative errors of  3% (Table 3.7). 
At 0.12 mM of 1, Cs+ ion with an extraction efficiency of 31% is singled 
out as the most preferred species among 18 metal ions for binding by 1 
at a [1]/[individual metal ion] ratio of 1.2. This is possibly followed by 
Ba2+ (6%), and extractions of the other 16 metal ions apparently remain 
at the undetectable levels within the instrument’s capacity. By 
considering a relative error of 3%, the extraction efficiency for Cs+ is at 
least two folds higher than that of Ba2+. At the same concentration and 
ratio, 18-crown-6 displays marginal extractions of 11% and 14% for K+ 
and Ca2+, respectively. 
  With an increase in concentration from 0.12 mM to 0.54 mM for 1 and in 
ratio of [1]/[individual metal ion] from 1.2 to 5.4, the extraction efficiencies 
for Cs+ and Ba2+ dramatically increase to 97% and 90%, respectively, with 
significant extractions of K+ (74%) and Rb+ (47%) and poor or no extractions 
of the other 14 metal ions. Under identical conditions, extractions of K+, Na+ 
and Ca2+ by 18-crown-6 also increase to 61%, 46% and 30%, respectively. By 
summing up the extraction efficiencies for all the metal ions at the measurable 
level, 1 demonstrates a total extraction capacity of 380% that is two and half 
times that of 148% for 18-crown-6 at 0.54 mM. This shows that despite 
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18-crown-6 being more selective, it is less general and capable with its total 
cation-binding capacity much lower than that of 1. This is remarkable given 
that 18-crown-6 carries one more oxygen-donor atom than 1 but turns out to 
be less able to bind metal ions. Such a difference in ion binding ability 
presumably can be attributed to (1) the convergently aligned properly spaced 
oxygen-donor atoms and (2) the higher electron density at carbonyl O-atoms 
in 1 than that of the O-atoms in 18-crown-6 due to electron-donating effect 
from N-atoms at para-positions in 1 via an aromatic resonance structure in 
which N-atoms are positively charged and carbonyl O-atoms each carries a 
negatively charge. 
The comparative trend where 1 displays a much higher total 
cation-binding capacity than 18-crown-6 persists with increasing 
concentrations of 1 and 18-crown-6 at a ratio of [host]/[individual metal 
ion] of either 9 or 18. Quantitative removals of Cs+/Ba2+ and K+/Rb+ 
were achieved with the use of 0.9 mM and 1.80 mM of 1, respectively. 
These were followed by extractions of 71 – 94% for Ag+ , Na+ , Hg2+ and 
Pb2+, and 52 - 55% for Ca2+ and Cu2+. Significantly, no noticeable 
extractions take place for many other transition metal ions including 
Mn2+ , Fe3+ , Ni2+, Zn2+ and Cd2+ by 1 at 1.80 mM. For comparison, 
nearly quantitative extractions were observed for K+ (98%), Na+ (95%) 
and Ca2+ (98%) by 18-crown-6 at 1.80 mM while all the other metal ions 
remain poorly extracted. 
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It is worth noting that both 21-crown-7 and valinomycin exhibit very 
poor extractions of various metal ions from water into chloroform layers 
even at a higher concentration (Table 3.7).   
    By further examining 1-mediated individual extractions of the 
aforementioned metal ions and six additional ones (e.g., Tl+ , Co2+ and Cr3+ in 
their nitrate salts and Au+ , Pt2+ and Pd2+ in their chloride salts) in the absence 
of all the other ions (Table 3.8), 1 is consistently found to possess higher 
extraction capacities toward various ions than 18-crown-6 that only extracts 
K+ , Na+ and Ca2+ to significant extents, and further demonstrates good 
extractions of Au+ and Pd2+ while Co2+, Cr3+ and Pt2+ were found to be 
completely nonextractable. 
 
Table 3.8 Extraction efficiencies (%) of 24 metal ions by host 1 as determined 






0.10 mM 0.20 mM 0.30 mM 0.40 mM 
Cs+ 1.67 69 92 >99 >99 
Ba2+ 1.35 51 86 97 >99 
Tl+ 1.50 41 84 97 >99 
Au+ 1.37 36 78 97 >99 
K+ 1.38 34 61 91 97 
Rb+ 1.52 30 63 92 98 
Pd2+ 0.86 24 43 63 80 
Ag+ 1.15 24 42 56 78 
Pb2+ 1.19 15 27 47 69 
Na+ 1.02 13 23 39 59 
Cu2+ 0.73 11 21 43 57 
Ca2+ 1.00 7 17 37 52 
Non-extractable ions 
Cd2+ (0.95) , Mn2+ (0.83) , Pt2+ (0.80) , Li+ (0.76) , Co2+ (0.75) , Zn2+ 
(0.74) , Mg2+ (0.72) , Ni2+(0.69) , Fe3+ (0.645) , Cr3+ (0.62) , Al3+ 
(0.535) 
a Extractions were carried out in a biphasic system using equal volumes of H2O 
containing 0.10 mM metal ion and 1% HNO3 and CHCl3 containing 0.10 to 0.40 mM 
host 1 at 25 oC. All the reported data are averaged values over six runs with relative 
errors within 3%. b Ions are 6-coordinate unless indicated.9 
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  A more careful inspection of Table 3.8 reveals a remarkable correlation 
between the extraction efficiency and the ionic radius. Specifically, at 0.30 
mM of 1, high capacity extractions of >90% are achieved for all the metal ions 
with a radius of >1.30 Å (e.g., Cs+ , Ba2+ , Au+ , K+ and Rb+), and moderate 
extractions of 37% - 63% occur for ions with a radius of about 1 Å , while ions 
whose radii stay significantly below 1 Å generally become non-extractable 
with the exceptions of Pd2+ and Cu2+. In other words, the patterned recognition 
and extraction of ions by 1 are primarily governed by the ionic radius with the 
larger ions extracted to more substantial extents than smaller ions. This finding 
markedly deviates from our original postulate that 1, arising from its five 
inward-pointing, convergently aligned and highly electron-rich carbonyl 
O-atoms, might be able to bind and extract all types of metal ions. 
  As mentioned before, because of the convergently aligned properly spaced 
oxygen-donor atoms and  higher electron density at carbonyl O-atoms, the 
pentamer 1  has more cation-binding capacity. The following extraction 
experiment have been done to confirm that whether the hybrid pentamers 
which are consisting of at least one  pyridone monomer unit  (Figure 3.10) 
have the same cation-binding capacity or not. The concentration of each of 20 
metal ions (Table 3.9) is set constant at 0.03 mM in H2O, and that of the 
organic macrocyclic  pentamers  range from 0.30 mM to 0.6 mM and to 































































































































































































































































































Figure 3.10 The chemical structures of the different Hybrid cyclic pentamers. 
  The pentamer 1 always displays the highest total cation-binding capacity 
followed by SC13 , SC4 and SC17 (Table 3.9). The capacity of SC13 , SC4 
and SC17 are very close to each other. Other pentamers have the lower 
cation-binding capacity. At 0.3 mM, pentamers 1 ,SC4, SC13,SC4 and SC17 
show good affinity to the Cs+,Tl+ and Rb+. The extraction efficiency  of the 




Table 3.9 Extraction efficiencies (%) of 20 metal ions in their nitrate salts by 
macrocyclic pentamer 1, SC4 , SC6 , SC9 , SC10 , SC11 , SC12 ,SC13 , 
SC14 , SC15 and SC17 as determined by inductively coupled plasma mass 
spectrometry (ICP) with [total ions]:[host] = 2:1, 1:1 and 1:2.a 
 
 
1 SC4 SC6 SC9 
2:1 1:1 1:2 2:1 1:1 1:2 2:1 1:1 1:2 2:1 1:1 1:2 
Na+ 44 79 93 30 67 94 29 55 86 21 51 87 
K+ 58 92 94 35 72 95 42 80 92 22 78 95 
Rb+ 69 99 99 67 99 99 
Cs+ 98 99 99 95 99 99 11 
Ca2+ 14 41 88 12 33 67 13 38 79 24 43 90 
Ag+ 40 78 99 34 82 99 57 91 96 10 30 67 
Tl+ 85 99 99 72 99 99 
Pb2+ 27 82 99 
Ba2+ 99 99 99 7 
Cu2+ 12 43 95 5 19 
Total 
546 811 964 345 556 678 141 264 364 77 202 339 
Extraction 
SC10 SC11 SC12 SC13 
2:1 1:1 1:2 2:1 1:1 1:2 2:1 1:1 1:2 2:1 1:1 1:2 
Na+ 22 49 89 25 52 88 32 60 93 35 67 92 
K+ 22 60 93 25 61 94 32 65 95 46 79 94 
Rb+ 70 98 99 
Cs+ 95 99 99 
Ca2+ 5 19 30 7 15 27 15 25 42 16 36 72 
Ag+ 15 27 70 15 35 81 18 37 87 37 86 99 
Tl+ 83 99 99 
Pb2+ 14 25 33 14 20 47 
Ba2+ 10 31 
Cu2+ 10 
Total 









SC14 SC15 SC17 
2:1 1:1 1:2 2:1 1:1 1:2 2:1 1:1 1:2 
Na+ 34 69 93 20 53 85 27 49 91 
K+ 47 82 94 23 57 93 29 57 95 
Rb+ 65 98 99 
Cs+ 13 35 97 99 99 
Ca2+ 17 33 77 8 21 33 10 18 32 
Ag+ 13 37 74 41 85 95 43 83 99 
Tl+ 7 40 65 93 
Pb2+ 9 5 17 45 
Ba2+ 11 29 
Cu2+ 8 21 
Total 
116 234 380 101 216 306 316 505 703 
Extraction 
Non-extractable ions 







Pentamer 1 also shows the good recognition of the Ba2+（99%）.When the 
concentration is 1.2 mM，all the pentamers except for 1, SC13 , SC4 and 
SC17 can selectively extract the Na+ , K+ , Ca2+ and Ag+. The cavity formed by 
five convergently aligned interior-pointing carbonyl O-atoms help the 




a The concentration of each metal ion is set at 0.03 mM with a total concentration of 0.60 
mM involving all the 20 ions in H2O containing 1% HNO3, and that of the organic 
macrocyclic hosts ranges from 0.30 mM to 0.6 mM and to 1.20 mM in CHCl3. 
Extractions were carried out in a biphasic system using equal volumes of H2O containing 
metal ions and CHCl3 containing organic host at 25 oC. All the reported data are 
averaged values over six runs with relative errors within 3%, and only extraction 
efficiencies of ≥ 6% are listed. b Total extraction is the sum of all the measurable 




  To summarize, pentameric host 1, having a rigid macrocyclic backbone 
whose interior is decorated by five convergently aligned oxygen donor atoms, 
makes possible the size-dependent patterned recognition and extraction of ions 
with the larger ions such as Cs+ , Ba2+ , Au+, K+ and Rb+ as the most 
extractable ones. The first principle computations at the B3LYP/6-31G(d, p) 
level provide the structural insights into the behavioral origins of 1 being that 
the “rigid” framework in 1 discourages or even prohibits concurrent binding of 
its three or more interior O-atoms toward smaller ions whose binding is 
















3.4 Experiment Section 
For synthesis of 2d, see: Zheng, S. J.; Thompson, J. D.; Tontcheva, A.; Khan, 
S. I.; Rubin, Y. Org. Lett., 2005 , 7, 1861. 
 
A mixture of diethyl 1,3-acetonedicarboxylate (0.2 
mol, 40 mL), triethyl orthoformate (0.4 mol , 60 mL) 
and urea (0.3 mol , 18.00 g) in 100 mL of xylene was 
heated to reflux for 4 hours. After all the urea was 
dissolved and light yellow precipitate formed, the formed ethanol was 
removed in vacuo, and then the reaction mixture was allowed to reflux for 
another 1 hour. After cooling, the precipitate was filtered and washed with 
CH2Cl2 (3×50 mL), dried under vacuum to give the pure compound 2d. Yield: 
35.85 g, 75%. 1H NMR (500 MHz , DMSO-d6) δ 11.18 (s , 1H) , 8.19 (s , 2H) , 
4.18 (q , J=7.3Hz , 4H) , 1.25 (t , J=7.3Hz , 6H). 
 
Diethyl 1-benzyl-4-oxo-1,4-dihydropyridine-3,5-dicarboxylate (2e) 
Compound 2d (23.90 g , 100.0 mmol) was dissolved 
in DMF (350 mL), to which anhydrous K2CO3 (20.85 
g , 150.0 mmol) and benzyl bromide (14.25 mL , 
120.0 mmol) were added. The mixture was heated at 80 ℃ for 10 hours.  The 
reaction mixture was then filtered and the solvent was removed in vacuo. The 
101 
 
residue was dissolved in CH2Cl2 (350 mL), washed with water (3 x 400 mL) , 
and dried over anhydrous Na2SO4. Removal of CH2Cl2 in vacuo gave the 
crude product, which was then washed with ethyl acetate (50 mL) to give the 
pure product 2e as a pale yellow solid. Yield: 26.27 g, 80%. 1H NMR (500 
MHz , CDCl3) δ 8.04 (s , 2H) , 7.39 – 7.35 (m , 3H) , 7.21 (dd , J = 7.6 , 1.7 
Hz , 2H) , 5.03 (s , 2H) , 4.26 (q , J = 7.1 Hz , 4H) , 1.28 (t , J = 7.1 Hz  , 6H). 
13C NMR (125 MHz , CDCl3) δ 171.05 , 164.54 , 144.72 , 133.59 , 129.38 , 
129.18 , 127.53 , 123.04 , 61.13 , 60.79 , 14.08. HRMS-ESI: calculated for 




Compound 2e (13.16 g , 40.0 mmol) was dissolved in 
ethanol (200 mL) , to which 0.2M KOH (200 mL , 
40.0 mmol) was added dropwise using a dropping 
funnel at room temperature. The mixture was allowed 
to stir at room temperature for overnight. Then ethanol was removed in vacuo 
and the aqueous layer was neutralized by addition of 1M HCl (60 mL). The 
precipitated crude product was collected by filtration and dried in the oven, 
which was subjected to column purification (MeOH/CH2Cl2 = 1/50) to yield 
the pure product 2f as a white solid. Yield: 5.54 g, 46%. 1H NMR (500 MHz , 
CDCl3) δ 15.37 (s , 1H) , 8.66 (d , J = 2.4 Hz , 1H), 8.39 (d , J = 2.4 Hz , 1H) , 
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7.47– 7.43 (m , 3H) , 7.32– 7.27 (m , 2H) , 5.25 (s , 2H) , 4.38 (q , J = 7.1 Hz , 
2H) , 1.38 (t , J = 7.1 Hz , 3H).13C NMR (125 MHz , CDCl3) δ 176.33 , 
165.52 , 162.95 , 146.62 , 145.95 , 132.67 , 129.85 , 129.75 , 127.95 , 121.36 , 
119.49 , 61.99 , 61.93 , 14.15. 13C NMR (125 MHz , CDCl3) δ 169.97 , 
166.13 , 153.65 , 152.37 , 140.68 , 133.22 , 131.95 , 129.64 , 127.76 , 126.05 , 
113.01 , 81.95 , 67.08 , 62.80 , 28.16. HRMS-ESI: calculated for [M+Na]+ 




Compound 2f (7.53 g , 25.0 mmol) was dissolved in 
THF/DMF (75 mL/50 mL) with an installation of 
balloon on top of the round bottom flask. This solution 
was cooled to 0 ºC using an ice bath. 4-methylmorpholin (3.00 mL , 30.0 
mmol) and ethyl chloroformate (3.00 mL , 30.0 mmol) was injected to the 
cooled solution. The mixture was allowed to stir for 25 minutes. Then sodium 
azide (2.44 g , 37.5 mmol) dissolved in minimal amount of water was injected 
into the cooled solution. 30 minutes later, THF was removed in vacuo at 28 ºC. 
The mixture was then dissolved in 200 mL CH2Cl2, washed with water (3 x 
300 mL) and dried over anhydrous Na2SO4. Then CH2Cl2 was removed in 
vacuo and the residue was dissolved in toluene (150 mL) , to which t-butanol 
(3.45 mL , 37.5 mmol) was added. The reaction was allowed to stirat 90 ºC for 
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30 hours. The yellow precipitate was removed by filtration and removal of 
toluene in vacuo gave the crude product, which was subjected to column 
purification (MeOH/CH2Cl2 = 1/100) to yield the pure product 2b as a pale 
yellow solid. Yield: 4.34 g, 47%. 1H NMR (500 MHz, CDCl3) δ 8.36 (s, 1H), 
8.15 (d , J = 2.1 Hz , 1H) , 7.92 (s , 1H) , 7.47 – 7.33 (m , 3H), 7.24-7.18 (m , 
2H), 5.02 (s , 2H) , 4.35 (q , J = 7.1 Hz , 2H) , 1.47 (s , 9H) , 1.37 (t , J = 7.1 
Hz , 3H).13C NMR (125 MHz , CDCl3) δ 167.23 , 165.11 , 152.77 , 141.87 , 
134.12 , 133.32 , 129.40 , 129.13 , 127.39 , 123.50 , 113.82 , 81.03 , 61.84 , 
61.02 , 28.20 , 14.29. HRMS-ESI: calculated for [M+Na]+ (C20H24O5N2Na)：




Compound 2b (1.86 g , 5.00 mmol) was reduced by 
catalytic hydrogenation in THF (20 mL) at 50 0C, using 
Pd/C (186 mg, 10%) as the catalyst for 6 hours. The 
reaction solvent was then removed in vacuo to give a white product 2g mixed 
with Pd/C, which was directly used in the next step without further 
purification. DMF (20 mL) , anhydrous K2CO3 (1.38 g , 10.00 mmol) and 
iso-butylbromide (0.65 mL , 6.00 mmol) was added to 2g (5.00 mmol). The 
mixture was heated under 80 ºC for 18 hours. The reaction mixture was then 
filtered and the solvent was removed in vacuo. The residue was dissolved in 
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CH2Cl2 (100 mL), washed with water (3 x 100 mL), and dried over anhydrous 
Na2SO4. Removal of CH2Cl2 in vacuo gave the crude product, which was 
subjected to column purification (MeOH/CH2Cl2 = 1/100) to yield the pure 
product 3b as a pale yellow oil. Yield: 1.15 g , 68%. 1H NMR (500 MHz , 
CDCl3) δ 8.27 (s , 1H) , 8.03 (d , J = 2.3 Hz , 1H) , 7.92 (s , 1H) , 4.35 (q , J = 
7.1 Hz , 3H) , 3.65 (d , J = 7.5 Hz , 3H) , 2.15 (dt , J = 13.7 , 6.9 Hz , 1H) , 
1.49 (s , 9H) , 1.37 (t , J = 7.1 Hz , 3H) , 0.95 (d , J = 6.7 Hz , 6H). 13C NMR 
(125 MHz , CDCl3) δ 167.11 , 165.12 , 152.78 , 141.85 , 133.03 , 123.13 , 
113.24 , 80.89 , 65.81,  60.83 , 29.57 , 28.16 , 19.38 , 14.24. HRMS-ESI: 
calculated for [M+Na]+ (C17H26O5N2Na)：m/z 361.1734 , found: m/z 361.1731. 
 
5-amino-1-isobutyl-4-oxo-1,4-dihydropyridine-3-carboxylic acid (1a) 
Compound 3b (1.01 g, 3.00 mmol) was dissolved in 
ethanol (30 mL), to which concentrated H2SO4 (3.0 mL) 
was slowly added to the solution. The reaction was 
allowed to stir at room temperature for 12 hours. Then 
the reaction mixture was neutralized using saturated aquous solution of 
NaHCO3. The product was extracted with CH2Cl2 (5 x 50 mL). Combination 
of the organic layer and dried over anhydrous Na2SO4 to give the pure product 
3c, which was directly used in the next step without further purification. 
Compound 3c (3.00 mmol) was dissolved in dioxane/H2O (30 mL/10 mL) to 
which 1.0 M NaOH (6.00 mL, 6.00 mmol) was added. The mixture was heated 
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under 65 ºC for 6 hours. Then H2O (100 mL) was added to the solution, which 
was then neutralized by addition of 1M AcOH (6.50 mL). Dioxane was 
removed in vacuo and the precipitate was collected by filtration and dried in 
the oven to give the crude product which was then recrystallized from diethyl 
ether to give the pure product 3a as a pink solid. Yield: 517 mg , 82%. 1H 
NMR (500 MHz , CDCl3) δ 15.60 (br , 1H), 8.12 (d , J = 2.0 Hz , 1H) , 7.04 
(d , J = 2.0 Hz , 1H) , 3.70 (d , J = 7.0 Hz , 2H) , 3.45 (br , 2H) , 2.13 (td , J = 
13.8 , 6.9 Hz , 1H) , 0.97 (s , 3H) , 0.96 (s , 3H). 13C NMR (125 MHz , CDCl3) 
δ 170.51 , 167.36 , 139.47 , 138.43 , 119.34 , 111.58 , 66.30 , 29.85 , 19.49. 
HRMS-ESI: calculated for [M+Na]+ (C10H14O3N2Na)：m/z 233.0897 , found: 
m/z 233.0892. 
 
Monomers 1a , 4a , 5a and 6a were prepared from 1c , 4c , 5cand 6c via 
intermediates 1b , 4b , 5b and 6b that were prepared from 2g by alkylation in 




Yield: 1.50 g , 76%. 1H NMR (500 MHz , CDCl3) δ 
8.29 (s , 1H), 8.07 (d , J = 2.3 Hz , 1H) , 7.94 (s , 1H) , 
4.36 (q , J = 7.1 Hz , 2H) , 3.84 (t , J = 7.4 Hz , 2H) , 
1.87 – 1.77 (m , 2H) , 1.50 (s , 9H) , 1.38 (t , J = 7.1 Hz , 3H) , 1.33 – 1.23 (m , 
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10H) , 0.87 (t , J = 6.9 Hz , 3H). 13C NMR (125 MHz , CDCl3) δ 167.16 , 
165.28 , 152.90 , 141.59 , 133.25 , 123.01 , 113.45 , 81.01 , 60.98 , 58.85 , 
31.61 , 30.63 , 28.98 , 28.93 , 28.23 , 26.15 , 22.53 , 14.33 , 14.00. HRMS-ESI: 
calculated for [M+Na]+ (C21H34O5N2Na)：m/z 417.2360 , found: m/z 417.2353. 
 
5-amino-1-octyl-4-oxo-1,4-dihydropyridine-3-carboxylic acid (1a) 
Yield: 519 mg , 65%. 1H NMR (500 MHz , CDCl3) δ 
8.20 (s , 1H) , 7.17 (s , 1H) , 3.95 (t , J = 7.3 Hz , 2H), 
1.89 -1.83 (m , 2H) , 1.36 -1.25 (m , 10H) , 0.90 (t , J = 
6.9 Hz , 3H) , 0.96 (s , 3H). 13C NMR (125 MHz , CDCl3) 
δ 170.34 , 167.37 , 143.02 , 129.43 , 114.22 , 111.88 , 59.33 , 31.63 , 30.66 , 
28.96 , 28.94 , 26.17 , 22.55 , 14.01. HRMS-ESI: calculated for [M-H]- 




Yield: 1.40 g , 79%. 1H NMR (500 MHz , 
CDCl3) δ 8.24 (s , 1H) , 8.08 (d , J = 2.2 Hz , 
1H) , 7.79 (s , 1H) , 4.23 (q , J = 7.1 Hz , 2H) , 
3.94 (t , J = 4.8 Hz , 2H) , 3.63 (t , J = 4.8 Hz , 
2H) , 3.37 (q , J = 7.0 Hz , 2H) , 1.39 (s , 9H) , 1.25 (t , J = 7.1 Hz , 3H) , 1.04 








142.51 , 132.70 , 123.46 , 113.17 , 80.77 , 68.49 , 66.77 , 60.56 , 58.25 , 28.10 , 
14.76 , 14.21. HRMS-ESI: calculated for [M+Na]+ (C17H26O6N2Na)：m/z 




 Yield: 461 mg , 68%. 1H NMR (500 MHz , CDCl3) 
δ 15.55 (s , 1H) , 8.23 (d , J = 1.9 Hz , 1H) , 7.18 
(d , J = 1.8 Hz , 1H) , 4.31 (s , 2H) , 4.08 (t , J = 
4.8 Hz , 2H) , 3.75 (t , J = 4.8 Hz , 2H) , 3.51 (q , J 
= 7.0 Hz , 1H) , 1.19 (t , J = 7.0 Hz , 3H). 13C NMR (125 MHz , CDCl3) δ 
170.71 , 167.43 , 139.17 , 138.85 , 120.06 , 111.89 , 68.66 , 67.09 , 58.94 , 
14.88. HRMS-ESI: calculated for [M+H]+ (C10H13O4N2)：m/z 225.0881 , found: 
m/z 225.0875. 
 
5-amino-1-benzyl-4-oxo-1,4-dihydropyridine-3-carboxylic acid (2a) 
Yield: 520 mg , 71%. 1H NMR (500 MHz , 
CDCl3/DMSO-d6 = 4/1) δ 16.00 (br , 1H) , 8.29 (d , J = 
1.8 Hz , 1H) , 7.34 – 7.28 (m , 3H) , 7.24 (d , J = 1.8 Hz , 
1H) , 7.21 (d , J = 6.4 Hz , 2H) , 5.11 (s , 2H) , 4.92 (br , 
2H). 13C NMR (125 MHz , CDCl3/DMSO-d6 = 4/1) δ 165.21 , 162.47 , 
135.34 , 132.50 , 129.49 , 124.19 , 124.00 , 122.92 , 114.62 , 106.17 , 56.71. 
108 
 




1,4-dihydropyridine-3- carboxylate (5b) 
Yield: 1.59 g , 83%. 1H NMR (500 MHz , CDCl3) δ 
8.21 (s , 1H) , 8.04 (d , J = 2.3 Hz , 1H) , 7.73 (s , 
1H) , 4.17 (q , J = 7.1 Hz , 2H) , 3.94 (t , J = 4.9 Hz , 
2H) , 3.68 (t , J = 4.9 Hz , 2H) , 3.44 (t , J = 4.9 Hz , 2H) , 3.34 (t , J = 4.9 Hz, 
2H) , 3.17 (s , 3H) , 1.34 (s , 9H) , 1.20 (t , J = 7.1 Hz , 3H). 13C NMR (125 
MHz , CDCl3) δ 166.88 , 164.20 , 152.21 , 142.20 , 132.25 , 123.18 , 112.75 , 
80.40 , 71.36 , 70.36 , 69.08 , 60.16 , 58.50 , 57.78 , 27.72 , 13.85. HRMS-ESI: 




 Yield: 1.61 g , 75%. 1H NMR (500 MHz , CDCl3) 
δ 8.25 (s , 1H) , 8.08 (d , J = 2.3 Hz , 1H) , 7.79 (s , 
1H) , 4.23 (q , J = 7.1 Hz , 2H) , 3.97 (t , J = 4.9 Hz , 
2H) , 3.72 (t , J = 4.9 Hz , 2H) , 3.53 -3.47 (m , 6H) , 
3.39 (t , J = 4.9 Hz , 2H) , 3.24 (s , 3H) , 1.39 (s , 9H) , 1.27 (t , J = 7.1 Hz , 
3H). 13C NMR (125 MHz , CDCl3) δ 166.97 , 164.48 , 152.40 , 142.31 , 
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132.47 , 123.20 , 112.94 , 80.56 , 71.49 , 70.68 , 70.25 , 70.22 , 69.19 , 60.39 , 
58.56 , 57.98 , 27.87 , 13.99. HRMS-ESI: calculated for [M+Na]+ 
(C18H28O7N2Na)：m/z 451.2051 , found: m/z 451.2071. 
 
5-amino-1-(2-(2-methoxyethoxy)ethyl)-4-oxo-1,4-dihydropyridine-3-carbo
xylic acid (5a) 
Compound 5b (1.15 g , 3.00 mmol) was 
dissolved in ethanol (30 mL) , to which 
concentrated H2SO4 (3.0 mL) was slowly added 
to the solution. The reaction was allowed to stir 
at room temperature for 18 hours. Then the reaction mixture was neutralized 
using saturated aquous solution of NaHCO3. The product was extracted with 
CH2Cl2 (10 x 50 mL). Combination of the organic layer and dried over 
anhydrous Na2SO4 to give the pure product 5c, which was directly used in the 
next step without further purification. Compound 5c was dissolved in 
dioxane/H2O (30 mL/10 mL) to which 1.0 M NaOH (6.00 mL , 6.00 mmol) 
was added. The reaction was allowed to stir for 12 hours, which was then 
neutralized by addition of AcOH (1.00 mL). All of the solvent was removed in 
vacuo and CH2Cl2 (200 mL) was added. Collecting the solution by filtration 
and removal of the solvent in vacuo gave the crude product which was 
crystallized in diethyl ether to give the pure product 5a as a pink solid. Yield: 
361 mg , 47%. 1H NMR (500 MHz , CDCl3/DMSO-d6 = 4/1) δ 8.15 (d , J = 
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1.9 Hz , 1H) , 7.27 (d , J = 1.8 Hz , 1H) , 4.06 (t , J = 4.9 Hz , 2H), 3.74 (t , J = 
4.9 Hz , 2H) , 3.51 (t , J = 4.9 Hz , 2H) , 3.40 (t , J = 4.9 Hz , 2H) , 3.24 (s , 
3H). 13C NMR (125 MHz , CDCl3/DMSO-d6 = 4/1) δ 169.66 , 166.93 , 
139.05 , 137.55 , 119.84 , 110.73, 71.13 , 70.02 , 68.95 , 58.31 , 57.92. 
HRMS-ESI: calculated for [M-H]- (C11H15O5N2)：m/z 255.0986 , found: m/z 
255.0984. 
 





Yield: 477 mg , 53%. 1H NMR (500 MHz , CDCl3) 
δ 15.74 (s , 1H), 8.17 (d , J = 2.3 Hz , 1H) , 7.36 
(s , 1H) , 4.52 (br , 2H) , 4.07 (t , J = 4.9 Hz , 2H) , 
3.83 (t , J = 4.9 Hz , 2H) , 3.65 – 3.54 (m , 8H) , 
3.38 (s , 3H). 13C NMR (125 MHz , CDCl3) δ 170.57 , 167.49 , 139.45 , 
138.35 , 120.47 , 111.78 , 71.92 , 70.67 , 70.59 , 70.46 , 69.64 , 58.82 , 58.55. 









Compound 1a (53.2 mg , 0.2 mmol) and 
BOP (176.8 mg , 0.4 mmol) were dissolved 
in anhydrous CH2Cl2 (6.0 mL) to which 
DIEA (0.14 ml , 0.80 mmol) was added and 
the reaction mixture was allowed to stirred 
continuously for 30 hours at room temperature. Removal of the solvent in 
vacuo gave the crude product, which was recrystallized from MeOH (20 mL) 
to yield the pure product 1 as a white solid. Yield: 8.9 mg , 18%. 1H NMR 
(500 MHz , CDCl3/DMSO-d6 = 1/5, 110 ºC) δ 13.39 (s , 5H) , 8.93 (s , 5H) , 
8.41 (s , 5H) , 4.13 (t , J = 7.4 Hz , 10H) , 1.97 – 1.86 (m , 10H) , 1.49 – 1.27 
(m , 50H) , 0.89 (t , J = 7.0 Hz , 15H). 13C NMR (125 MHz , CDCl3/DMSO-d6 
= 1/2 , 110 ºC) δ 167.31 , 160.92 , 139.27 , 131.22 , 125.25 , 113.88 , 57.67 , 
30.44 , 29.10 , 27.89 , 27.74 , 25.19 , 21.14 , 12.61. HRMS-ESI: calculated for 






































Yield: 4.8 mg , 10%. 1H NMR (500 MHz , 
CDCl3/DMSO-d6 = 1/9, 110 ºC) δ 13.29 (s , 
5H) , 8.94 (s , 5H) , 8.42 (s , 5H) , 4.37 (t , J = 
4.7 Hz , 10H), 3.90 (t, J = 4.8 Hz, 10H), 3.62 
(t, J = 4.8 Hz, 10H) , 3.48 (t , J = 4.8 Hz , 10H) , 3.27 (s , 15H). 13C NMR 
(125 MHz , CDCl3/DMSO-d6 = 1/9, 110 ºC) δ 167.95 , 161.76 , 140.80 , 
131.50 , 126.41 , 114.19 , 70.73 , 69.39 , 68.71 , 57.36 , 57.32. HRMS-ESI: 




Yield: 9.0 mg , 16%. 1H NMR (500 
MHz , CDCl3/DMSO-d6 = 1/9, 110 ºC) δ 
13.09 (s , 5H) , 8.77 (s , 5H) , 8.26 (s , 
5H) , 4.32 (t , J = 4.7 Hz , 10H) , 3.98 (t , 
J = 4.8 Hz , 10H) , 3.71 (t , J = 4.8 Hz , 
10H) , 3.64 (t , J = 4.8 Hz , 10H) , 3.58 
(t , J = 4.8 Hz , 10H) , 3.47 (t , J = 4.8 Hz , 10H) , 3.28 (s , 15H). 13C NMR 
(125 MHz , CDCl3/DMSO-d6 = 1/9, 110 ºC) δ 167.67 , 161.22 , 140.33 , 








































































HRMS-ESI: calculated for [M+K]+ (C65H90O25N10K)：m/z 1449.5710 , found: 
m/z 1449.5750. 
Pentamer 3 
Compound 3a (42.0 mg , 0.20 mmol) and BOP 
(176.8 mg , 0.4 mmol) were dissolved in 
anhydrous CH2Cl2 (3.0 mL) to which DIEA 
(0.14 ml , 0.80 mmol) was added and the 
reaction mixture was allowed to stirred 
continuously for 30 hours at room temperature. Removal of the solvent in 
vacuo gave the crude product, which was then washed with MeOH (3 x 3 mL) 
and CH2Cl2 (3 x 3 mL) to yield the pure product 1 as a white solid. Yield: 9.6 
mg , 25%. 1H NMR (500 MHz , DMSO-d6 , 110 ºC) δ 13.42 (s , 5H) , 8.97 (s , 
5H) , 8.47 (s , 5H) , 4.03 (d , J = 7.0 Hz , 10H) , 2.18 (td , J = 13.8 , 6.9 Hz , 
5H) , 1.01 (d , J = 6.6 Hz , 30H). 13C NMR (125 MHz , DMSO-d6 , 110 ºC) 
δ167.83 , 161.94 , 140.75 , 131.45 , 126.39 , 113.92 , 64.25 , 28.46 , 18.37. 




































Pentamers 4 was prepared in the same way as 3 described above. 
 
Pentamer 4  
Yield: 5.0 mg , 12%. 1H NMR (500 MHz , 
CDCl3/DMSO-d6 = 1/9, 110℃) δ 13.21 (s , 
5H) , 8.91 (d , J = 1.5 Hz , 5H) , 8.39 (d, J = 
1.8 Hz , 5H), 4.35 (t , J = 4.8 Hz, 10H) , 3.86 
(t , J = 4.8 Hz , 10H) , 3.56 (q , J = 6.9 Hz , 
10H) , 1.17 (t , J = 6.9 Hz , 15H). 13C NMR (125 MHz , CDCl3/DMSO-d6 = 
1/9 , 110 ºC) δ 167.82 , 161.63 , 140.68 , 131.39 , 126.36 , 114.06 , 67.81 , 
65.21 , 57.33 , 13.84. HRMS-ESI: calculated for [M+K]+ (C50H60O15N10K)：




Compound 2a (51.4 mg , 0.20 mmol) and BOP 
(176.8 mg , 0.4 mmol) were dissolved in 
anhydrous DMF（0.5ml）then added more CH2Cl2 
(3.0 mL) and  to which DIEA (0.14 ml , 0.80 
mmol) was added and the reaction mixture was 
allowed to stirred continuously for 30 hours at room temperature. Removal of 
the solvent in vacuo gave the crude product, which was then washed with 
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MeOH (3 x 3 mL) and CH2Cl2 (3 x 3 mL) to yield the pure product 2 as a 
white solid.Yield: 4.5 mg , 10%. 1H NMR (500 MHz, DMSO-d6, 110℃) δ 
13.43 (s , 5H) , 8.99 (s , 5H) , 8.70 (s , 5H) , 7.46 – 7.38 (m , 25H) , 5.43 (s , 
10H). 13C NMR (125 MHz , DMSO-d6 , 110 ºC) δ 167.81 , 161.59 , 140.60 , 
134.57 , 131.56 , 128.24 , 127.80 , 127.48 , 126.00 , 114.10 , 60.25. 
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Tuning Ion-binding Capacity and Selectivity via 
Morphological Tuning of Cavity-containing Nanofibers 
 
4.1 Introduction 
  Supramolecular chemistry originally defined by Lehn as“chemistry beyond 
molecules” exploits noncovalent interactions between molecules to form 1D, 
2D, and 3D architectures.1, 2 Nature exploits noncovalent forces such as 
hydrogen bonding, hydrophobic, dipole-dipole, π-π and van der Waals 
interactions to self-assemble a vast range of functional molecular architectures 
from a small set of relatively “simple” building blocks. Inspired by this, the 
use of self-assembly as an approach for the generation of ordered nanoscale 
structures and (supra)molecule-based devices has engendered considerable 
attention in the supramolecular chemistry.3, 4 
  Recent years have witnessed first forays of foldamers into the field of 
material sciences. The wide range of topologies, and physicochemical 
properties exhibited by known synthetic foldamers makes exploratory work 
and possible developments extremely diverse. One focus is the creation, 
through controlled molecular self-assembly, of materials with morphological 
features on the nano- or microscale. Several aliphatic and aromatic foldamers 




  In 2002, Lehn et al. synthesized a foldamer composed of alternating 
pyridine-pyridazine subunits (Figure 4.1).6 The strong intermolecular 
interactions of molecules 1 resulted in a supramolecular protofibrils, fibrils, 
and fibers.  Compound 1 was found to produce a gel at a concentration of 1 
mg mL−1 in dichloromethane. This observation prompted an electron 
microscopic investigation which revealed extensive fiber network formation 
with helical substructures. The freeze fracture electron micrographs of 1 in 
dichloromethane and pyridine (Figure 4.1) reveal uniform helical fibrils with 
an approximate diameter of 55–70 Å. Networks of fibrils of micrometer length 








  A possible model implied that the self-organized lock-washer structures of 
molecuels 1 first stack to form cablelike protofibrils or filaments (not observed 
in the micrographs). These filaments further aggregate into fibrils that 
subsequently aggregate into larger bundles and align and twist to form mature 
fibers (Figure 4.2).  
1
Figure 4.1  1) The chemical structure of the Compound 1  2) 
Freeze-fracture electron micrographs of compound 1 in a, b) dichloromethane 
(0.5 mg mL−1) and c) pyridine (2 mg mL−1) showing fibril network formation 
with helical textures (a, c) and molecular aggregation into linear and helical 











  Such a behavior is reminiscent of the self-aggregation of collagen and of the 
evolution of oligomeric intermediates in amyloid fibrillogenesis thought to 
occur through specific intermolecular interactions between partially ordered 
protein conformations. The chirality observed in the fibrils, manifested as 
helical twisting, could result from favorable intermolecular π–π stacking 
interactions from helices of compound 1 of the same helical sense. The 
molecular helical chirality was subsequently translated into supramolecular 
helicity that is expressed on a nanoscale. In dichloromethane, a dominance of 
fibers of the same chirality was apparently observed; it might be due to the 
induction of fiber formation by chiral seeds originating from the 
sonication-induced breakdown of an initial helical entity. 
  In 2008, Li and coworkers reported that hydrazide-based aromatic 
foldamers bearing long aliphatic side chains display a dual mode of assembly 
that leads to vesicles of narrow size distribution in polar solvents and to 
entangled fibres and gelation in hydrocarbons (Figure 4.3).7 
 
Figure 4.2 Schematic representation of the hierarchical self-assembly of 
compound 1. The self-organized lock-washer structure (a) of 1 is proposed 









   
  At room temperature, compounds 2, 3a and 3b (Figure 4.4) all displayed 
low solubility in methanol. Upon heating, however, their solubility was 
increased considerably ( >10 mg/mL). The resulting solution remained clear 








  Figure 4.5 shows their SEM images which were obtained on mica surface 
after the solvent was evaporated. It can be found that all the compounds 
self-assembled into spherical vesicles, the average diameter of which was 
estimated to be approximately 1.2 (3a) , 3(2) , and 5 (3b) µm, respectively. It 
Figure 4.4 The chemical structures of 2 , 3a and 3b
Figure 4.3  Tentative model for the self-assembly of vesicles and organogels. 
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was also revealed that the vesicles could partially combine to generate twins, 
triplets, or even multiplets , suggesting that larger vesicles were formed by the 












  TEM also evidenced the hollow feature of the vesicles. The wall thickness 
of vesicle formed by 3a was estimated to be 3 nm (Figure 4.6). Similar results 












  Since the mid-1990s, macrocycles with rigid backbones and non-collapsible 
cavities have been developed.10 Most of these macrocycles have flat 
1) 
2) 
Figure 4.5   1)  SEM images of the sample of (a) 2 , (b) 3a , and (c) 3b 
in methanol(4 mM) on mica surface after the solvent was evaporated.  2)  
Fluorescence micrographs of the vesicles of (a) 2 , (b) 3a , and  (c) 3b 
formed in methanol (1 mg/mL) 
Figure  4.6  TEM images of the vesicles of 3a (formed in 0.25 mM 




backbones and conjugated pi-surfaces. These rigid macrocyclic framework has 
been exploited as a building block for the generation of a variety of 
supramolecular assemblies including host-guest complexes, discotic liquid 
crystals, sensors, nanotubes and nanofibers, and organic porous solids. These 
supramolecular systems usually exploit either π-π interactions or 
hydrogen-bonding interactions in the assembly process. 
  In 2011, Gong and co-workers described the self-assembling of 
cavity-containing H-bonded macrocycles into organic nanotubes.11  The large 
dipole moment of macrocycles 4 (Figure 4.7) should lead to the alignment or 







  This expectation was confirmed by examining the assembly of 4b in the 
solid state. The scanning electron microscopy (SEM) image of a sample of 4b, 
prepared by dropping a solution in CHCl3 onto mica followed by evaporating 
solvent, reveals fibers of over 400 μm in length and 2-3 μm in diameter 
(Figure 4.8a). The transmission electron microscopy (TEM) image of a sample 
of 4b, prepared by drop-casting the same solution onto carbon film (Figure 
Figure  4.7  The chemical structures of  4a , 4b , 4c , 4d and 5. 
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4.8b) or mash grid, reveals straight, rod-like assemblies. SEM and TEM of 4c 
also reveal similar fibers. Directional assembly is not limited to 4. SEM and 

















    Details on the assembly of 4b were gained from X-ray diffraction (XRD). 
An intense peak at 23.9 Å and three others at 13.9, 11.8, and 9.6 Å, with ratios 
of d-spacings being 1:1/ √3:1/2:1/√7, are detected (Figure 4.9a). The XRD 
pattern points to cylindrical stacks that further packed on a typical hexagonal 
(colh) lattice (Figure 4.9b). The lattice parameter a(27.6 Å), i.e., the 
intercolumnar spacing, agrees with the diameter of 4b given partially (∼55%) 
collapsed or interdigitated side chains, which confirms that these molecules 
aligned into a tubular assembly with its outer and inner diameters 
beingdefined by the macrocycles. 
 
Figure  4.8  (a) SEM (on mica) and (b) TEM (on carbon film) images of 
the solid samples of 4b. (c) SEM (on mica) and (d) TEM (on carbon 
film)images of the solid samples of 5. All solid samples were formed by 











  In 2011, Zeng and coworkers developed an entirely new class of 
cation-binding foldamer-based pentameric macrocycles(Figure 4.10).  Aided 
further by the anionic counterparts such as Cl- and Br-, cation-containing 
macrocycles could self-assemble into unusual ion-pair-induced 1D columnar 

















Figure  4.9  (a) Diffractogram of the solid sample of 4b. (b) Modeling of 
the columnar packing of 4b and the hexagonal lattice. The hexagonal lattice 
parameter a is 27.6 Å. The orientation of the macrocycles in a column is 
currently unknown. 
Figure  4.10   (a) Chemical structures of pentamers 6 and 7. (b) Top and 
side views of computationally optimized structures for 6 and 7 with their 
exterior side chains replaced by methyl groups at the B3LYP/6-31G* level, 
illustrating fivefold-symmetric planarity in 6 and 7. 
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  To enable a direct visualization of the solid state morphologies resulting 
from molecular interactions between alkali ions and 6 or 7, and subsequent 
intercolumnar associations, transmission electron microscopy (TEM) was 
employed. In a typical experiment, MeOH in the case of 6 or CHCl3 in the 
case of 7 was slowly diffused over a few days or weeks into an acetonitrile 
solution containing 1:1 ratio of pentamer (6 or 7) and the respective MBPh4 
salts (M = Li+ , Na+ , K+ , Rb+ and Cs+) at 10 mM. The slowly formed 
aggregates were spotted onto TEM grids and examined by TEM. TEM images 




Host Alkali MBPh4 salts 
Li+ Na+ Rb+ Cs+ 
     6 Yes    Yes Yes d Yes 
     7 - f - f Yes Yes 
Host 
Alkali MX Salts 
LiCl LiBr NaCl NaBr KCl 
6 Yes c Yes Yes Yes Yes c 
7 Nanorod e Nanorod d,e - f Nanorope c Yes 
Host 
Alkali MX Salts 
KBr RbCl RbBr CsCl CsBr 
6 Yes c Yes - f Yesc - g 








Table 4.1.  Cation- and ion pair-induced fibrillationa, of 6 or 7 in the 
presence of various alkali metal salts. 
  a In all the salts studied, only KBPh4 does not induce any noticeable fiber 
formation. b Obtained by slow diffusion of ethyl acetate into 6-containing DMSO 
solution, or MeOH into 7-containing CHCl3 solution; in some cases, tiny amount 
of H2O was added to dissolve the salts. c High quality with smooth surfaces. d 
Moderate or bad quality. e Irregular shapes. f No significant fibers were observed. 
g A mixture of irregular nanorods and fibers.  
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the other four metal ions, and that, for 7, appreciable fibers can be observed 
only for RbBPh4 and CsBPh4. In other words, 6 carrying benzyl side chains 
forms good fibers with MBPh4 salts more often than 7 carrying octyl side 
chains . 
  The potential to use ion pairs to induce fiber formation of 6 or 7 was also 
investigated by TEM technique. A total of 10 salts (MCl and MBr where M = 
Li+ , Na+ , K+ , Rb+ and Cs+) were tested against both 6 and 7. Akin to the case 
of MBPh4, examining these 20 combinations (Figure 4.11, Table 4.1) 
highlights a similar trend, i.e., 6 forms fibers with alkali halide salts more 
often than 7. Except for fibers seen in the majority cases, defined nanorods 












Figure  4.11  Selected TEM images illustrating the fibrillation induced by 
alkali metal salts M+BPh4- and ion pairs M+X-.
128 
 
NaBr and KBr. For instance, KBr salts combine with 7 to produce 
well-defined nanorods, typically measuring 50-200 nm in width and 1-3 µm in 
length, and 7 in the presence of NaBr salts assembles into virtually endless 
nanoropes, each with a uniform diameter from 0.2 to 1 µm. These nanoropes 
are very flexible and easily coiled as exemplified by a single nanorope of ~ 0.5 
µm in thickness (Figure 4.11).To gain further insights into the above formed 
1D stacked structures at the molecular level, ab initio theoretical 
investigations at the B3LYP/6-31G* level under periodic boundary conditions 
were carried out for 1D columns formed between KBr and 6 or 7 (Figure 4.12). 
Two packing modes may develop in forming 1D columns: in the parallel mode, 
pentamers are vertically aligned and superimposable over each other (Figure 
4.12a and 4.12c); in the twist mode, vertically adjacent pentamers are 
alternatively twisted by 32-33 so that the steric hindrance, if any, among 
exterior side chains can be possibly released (Figure 4.12b and 4.12d). For 6, 
the parallel mode (Figure 4.12a) is energetically less stable than the twist 
mode (Figure 4.12b) by 46.32 kcal/mol. This enhanced stability results from 1) 
the sterically very bulky benzyl side chains that lessen the ionic interactions 
among K+ and Br- ions as evidenced by a larger inter-planar separation of 6.96 
Å in the parallel mode with respect to 6.27 Å in the twist mode, and  2) 
intermolecular H-bonds (2.20 Å) formed between one of the aromatic protons 
from every exterior benzyl group and the amide carbonyl oxygen that is right 
below it. For 7, a difference in relative energy between the parallel and twist 
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more stable than the twist mode (Figure 4.12d) by 1.32 kcal/mol. This is a 
result of an increase in favorable hydrophobic interactions and essentially 
absence of steric hindrance among exterior octyl side chains, which can more 
than compensate the lessened ionic interactions (6.27 Å, Figure 4.12c) in the 




Figure  4.12  Computationally optimized structures of 1D columnar 
aggregates possibly formed by (a, b) [6●Kbr]n and (c, d) [7●KBr]n at the 
level of B3LYP/6-31G* under periodic boundary conditions. The top-down 
views illustrate two possible packing modes and their relative energy. Side 
views with their exterior side chains removed illustrate the inter-planar 
distances that dictate the strength of ionic interactions. In the CPK models,
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4.2 Results and Discussion 
 
4.2.1 Design Principle 
 
Recently, we had reported the cation-containing macrocycles(Scheme 4.1),that 
could self-assemble into unusual ion-pair-induced 1D columnar aggregates 
and fibers of varying morphologies, by the aid of  the anionic counterparts 
such as Cl- and Br-. And these pyridone-based macrocycles can be prepared at 
decent yields of 10-25% in about a day by a BOP-mediated one-pot 
macrocyclization protocol(Scheme 4.1),13 largely eliminating the synthetic 
bottleneck that limits their potential applications in both chemistry and biology. 
It is very necessary that we should do the further investigation about the 
formation of purely organic nanotubes. Maybe the formed 1D nanotubes could 
further assemble into nanotube bundles of varying morphologies that are 
influenced by solvents from which the fibrillous nanotube bundles are formed. 
Since these macrocycles possess high cation-binding ability, it is possible for 
these nanostructures with subtly different structures/morphologies to exhibit 









4.2.2 Computationally Optimized Structures of 1D 
Nanotubes Formed by Pentamer 6  
     Computationally using Dreiding force field7 under periodic boundary 
conditions, two intermolecular packing modes possibly may develop during 


















Figure 4.13 Computationally optimized structures of 1D nanotubes 
possibly formed by pentamer 6 by using Dreiding force field7 under 
periodic boundary conditions. Twist packing mode in c) and d) is more 
stable than eclipsed mode in b). The twist packing in c) further differs 
from that in d) by the relative orientation of exterior benzyl side chains 
among adjacent pentamers. The top-down views highlight the possible 
packing modes. The relative energies in kcal/mol were normalized against 
the most stable twist packing in d). 
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  In the eclipsed mode (Figure 4.13b), pentamers are vertically aligned and 
superimposable over each other, leading to an interplanar distance of 7.72 Ǻ 
and producing no favourable aromatic π-π stacking. Energetically, this 
eclipsed packing is at least 96.2 kcal/mol than the twist modes where 
vertically adjacent pentamers are alternatively twisted by ~ 30 (Figure 
4.13c-d). This more favoured packing leads to not only strong aromatic π-π 
stacking but also stabilizing interactions between the interior carbonyl 
O-atoms from one pentamer and the amide protons from anther pentamer 
below or above it. Further, the twist packing where the exterior benzyl side 
chains from the neighbouring pentamers are aligned in a parallel fashion 
seems to be the most stable and more stable than the anti-parallel alignment by 
6.1 kcal/mol (Figure 4.13c vs 4.13d). Due to the rigid nature of the exterior 
benzyl groups with their benzene ring perpendicular to the pentameric 
backbone of 6, 6 highly unlikely will exist as other alternative one- 
dimensional assemblies as represented in Figure 4.13e that could be in ladder, 
staircase, brickwork or hybrid type of arrangement. A large difference in 
energy between the twist packing (Figure 4.13c-d) and either eclipsed (Figure 
4.13b) or other packing modes (Fig 4.13e) point to a high possibility for 6 to 
pile up to form the energetically favoured 1D columnar aggregates in the twist 







4.2.3 Synthesis of Macrocyclic Pyridone Pentamers 
    The detailed procedures for synthesis of pyridone-based macrocycles have 
been discussed in chapter 3. All the macrocycles can be synthesized by the 
BOP-mediated H-bonding-assisted one-pot macrocyclization reactions with 
yields of up to 25% in about a day. 
 
 




4.2.4 Preparation of the Nanofibers, Nanosheets and 
Nanoropes 
 
  The nanofibers formed by pentamer 6 were prepared by slowly diffusing 
varying solvents (dioxane, ethyl acetate, ethanol, methanol, acetonitrile, 
acetone, diethyl ether and tetrahydrofuran) into the DMSO solution of the 
complex. Typically, 0.4 mL of DMSO was added to the sample vial containing 
0.8 mg of pentamer 6. Then 100 µL of DMSO was added onto the top of the 
solution. The rest of the NMR tube was filled with the solvents(dioxane, ethyl 
acetate , ethanol , methanol , acetonitrile , acetone , diethyl ether and 
tetrahydrofuran). 2 weeks later, the slowly formed fibers were transferred into 
an ependorf tube and centrifuged. The supernatant was decanted and the 
precipitate was washed with ethyl acetate and centrifuged for three times. 1 
mL of ethyl acetate was then added into the tube to disperse the fibers.   
  The nanosheets formed by pentamer 8 or 9 were prepared in the same way 
as pentamer 6 described above. 
  The nanofibers formed by pentamer 8 with its nitrate salt complexes were 
prepared by slowly diffusing ethanol into the DMSO solution of the complex. 
Typically, 0.4 ml of DMSO was added to the sample vial containing 3.0 mg of 
pentamer 8. Then 10 μL of  M（NO3)x （M= Cs+ , Rb+ , Ba2+ , Ag+ , Hg2+ and 
Pb2+) aqueous solution (1 or 10 molar equivalent)  was added to make a clear 
complex solution, which was then transferred to a NMR tube. 100 μl of 
DMSO was added onto the top of the solution. The rest of the NMR tube was 
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filled with ethanol. 2 weeks later, the slowly formed fibers were transferred 
into an eppendorf tube and centrifuged. The supernatant was decanted and the 
precipitate was washed with ethyl acetate and centrifuged for three times. 1 ml 
of ethyl acetate was then added into the tube to disperse the fibers. 
 The nanorods formed by pentamer 7 were prepared by the slow 
evaporation of the complexes in chloroform and varying solvents (dioxane, 
ethyl acetate, ethanol, methanol, acetonitrile, acetone, diethyl ether and 
tetrahydrofuran). Typically, 1 mL of pentamer 7 (2 mM) was added to the 
sample vial. Then followed by the addition of 200 µL of solvents (dioxane , 
ethyl acetate , ethanol , methanol , acetonitrile , acetone , diethyl ether and 
tetrahydrofuran). The solution was mixed on a vortex mixer for 60 seconds. 
The cap of the sample vial was unscrewed slightly to allow all the solvent to 
evaporate slowly. Approximate 10 days later, 0.4 ml of acetonitrile was added 
to the sample vial to disperse the nanorods. 
  All the nanostructures which are used for the extraction experiments were 
removed the solvents at room temperature. 
 
4.2.5  Stacking Study of Cyclic Pentamers 
  Due to the planar structure and H-bonds that exist between the inter-planar 
structures, the cyclic pentamers demonstrate strong inter-molecular stacking. 
As can be seen from Figure 4.14, the 1H NMR of pentamer 7 (1mM) in 
CDCl3 was poorly resolved even if the solution was heated up to 55℃. In 
order to get well-resolved peaks, DMSO was added to destroy the H-bonds 
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that exist between the pentamers. Yet, the result shows that the peaks became 
broad ones but still not sharp, which is also a strong indication of aggregation 
(Figure 4.15). The 1H NMR of pentamer 7 at variable temperature in 
DMSO/CDCl3 (3/7) shows that with the increase of the temperature, the 
signals of protons became increasing solved. At 95℃, all the signals became 
sharp and well resolved and further heating led to no significant change 
(Figure 4.16), which indicated that the aggregation of pentamer 7 is 
weakened at elevated temperature and eventually disrupted. If the ratio of 
DMSO increases to 90%, aggregation of pentamer 7 will be full disrupted at 
55℃(Figure 4.17).  
 
Figure 4.14 Stacked 1H NMR spectra of Pentamer 7 at 1 mM at 








Figure 4.15 Stacked 1H NMR spectra of Pentamer 7 at 1 mM in 
CDCl3 containing different percentages of DMSO. 
 
 
Figure 4.16 Stacked 1H NMR spectra of Pentamer 7 at 1 mM at 





















Figure 4.17 Stacked 1H NMR spectra of Pentamer 7 at 1 mM at different 





4.2.6 Cation Extraction by the Nanostructures Formed by 
Pentamers 6-9 
4.2.6.1 General Remarks  
  All the chemicals were obtained from commercial suppliers and used as 
received unless otherwise noted. Aqueous solutions were prepared from MiliQ 
water.  The ICP datas were recorded on Thermo Fisher X Series 2.And Hg2+ 
detection was done by Analytik Jena mercur plus Hg. 
 










  In chapter 2 we have discussed the detailed procedure of the extraction 
experiment. All the solutions that were used for ICP-MS analysis in this 
chapter were prepared according to the procedure. In a typical experimental 
set-up using biphasic water–powder extraction system, the concentration of 
each of 20 metal nitrate salts is set constant at 0.10 mM in H2O. The powders 
with different equivalents were added into the salt solution. Shaked for 48 
hours at 25 oC. Ion extractions from aqueous phase to powders are monitored 
by measuring the residual concentrations of various metal ions in H2O layer. 
To ensure that the data obtained are consistent and reproducible, the 
measurements for the same extracted solution were repeated three times, and 
the whole experiment including preparation of a new batch of sample 
solutions, extractions and measurements were repeated one more time. 
Averaging the data over 6 measurements gave the final extraction data with 
relative errors of  3%. 
  At first, the powders formed by pentamers 6-9 were used to extract the 
alkali metal nitrate solutions. At a [host]: [total ions] ratio of 1:1,the structures 
formed by 6 and 7 have the low cation-binding capacity (Table 4.2). While, 
the structures formed by 8 can specifically extract the Rb+ and Cs+. The 
extraction efficiencies are both about 99%. Cs+ ion with an extraction 
efficiency of 25-32% is singled out as the most preferred species among 20 
metal ions for binding by powders 8 at a [8]/[total metal ion] ratio of 1.2:5. 
This is possibly followed by Rb+ (9-12%).Structures formed by 9 display 
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preferential recognition of Rb+ and Cs+ ions over Li+ , Na+ , and K+. 
 
Table 4.2 Extraction efficiencies (%) of alkali metal cations(Li+, Na+, K+, Rb+, 
and Cs+)in their nitrate salts by nanostructures 6-9 as determined by 
inductively coupled plasma mass spectrometry (ICP) with [total ions]: [host] = 
1:1 and 5:1.2.a b 
 6   [total ions]:[host] = 1:1 
6a 6b 6c 6d 6e 6f 6g 6h 
Li+ 
Na+ 18 15 18 20 17 22 24 19 
K+ 26 34 30 18 37 25 27 20 
Rb+ 9 10 10 7 7 8 
Cs+ 17 28 28 14 14 21 10 22 
   7   [total ions]:[host] = 1:1 
  7a 7b 7c 7d 7e 7f 7g 7h 
Li+ 
Na+ 11 7 13 9 7 13 19 
K+ 21 23 20 17 18 19 29 25 
Rb+ 6 9 
Cs+ 22 13 7 12 22 17 12 10 
8   [total ions]:[host] = 5:1.2 




Rb+ 12 12 12 9 11 11 12 12 
Cs+ 30 28 29 25 32 31 29 29 
 8  [total ions]:[host] = 1:1 
8a 8b 8c 8d 8e 8f 8g 8h 
Li+ 
Na+ 16 21 19 18 18 22 16 18 
K+ 22 20 17 23 26 25 19 25 
Rb+ 96 ＞99 99 ＞99 ＞99 99 98 99 
Cs+ 99 ＞99 ＞99 ＞99 ＞99 ＞99 99 ＞99 
9   [total ions]:[host] = 1:1 
  9a 9b 9c 9d 9e 9f 9g 9h 
Li+ 
Na+ 15 17 14 16 21 11 16 16 
K+ 13 20 19 19 18 18 11 13 
Rb+ 31 32 36 32 37 20 29 22 





a The concentrations of individual metal ions are all set at 0.10 mM in H2O. 
Extractions were carried out in a biphasic system using 3ml metal solution at 
25 oC. All the reported data are averaged values over three runs with relative 
errors within 3%, and only extraction efficiencies of ≥ 6% are listed 
b Solvents for the formation of the nanostructures. a: methanol; b: ethanol; c: 






Table 4.3 Extraction efficiencies (%) of 20 metal ions in their nitrate salts by 
nanostructures 6-9 as determined by inductively coupled plasma mass 
spectrometry (ICP) and Analytik Jena mercur plus Hg with [total ions: [host] = 
1:1 and 5:1.a b 
 
 6  [total ions]:[host] = 1:1 
6a 6b 6c 6d 6e 6f 6g 6h 
Na+ 10 9 10 7 9 12 
K+ 7 11 7 11 9 
Rb+ 7 9 8 7 
Cs+ 23 29 9 17 28 17 6 29 
Ba2+ 15 13 8 7 11 
Cu2+ 
Ag+ 
Hg2+ 20 12 19 37 13 29 40 43 
Pb2+ 
  7   [total ions]:[host] = 1:1 
  7a 7b 7c 7d 7e 7f 7g 7h 
Na+ 7 8 10 8 6 11 





Ag+ 14 6 7 24 8 11 









8   [total ions]:[host] = 5:1 
   8a 8b 8c 8d 8e 8f 8g 8h 
Na+ 7 6 
K+ 9 8 11 13 7 10 
Rb+ 37 29 36 37 28 19 36 43 
Cs+ 78 69 78 75 70 50 73 81 
Ba2+ 29 25 28 28 24 21 18 25 
Cu2+ 
Ag+ 9 7 8 10 7 8 11 11 
Hg2+ 
Pb2+ 6 6 7 
 8   [total ions]:[host] = 1:1 
8a 8b 8c 8d 8e 8f 8g 8h 
Na+ 7 13 9 9 10 11 10 6 
K+ 13 7 9 11 13 12 16 9 
Rb+ 98 ＞99 ＞99 99 99 ＞99 99 ＞99 
Cs+ 99 ＞99 ＞99 ＞99 ＞99 ＞99 ＞99 ＞99 
Ba2+ 75 ＞99 ＞99 ＞99 97 ＞99 98 ＞99 
Cu2+ 14 18 15 11 11 12 
Ag+ 89 95 94 74 92 90 95 89 
Hg2+ 83 84 86 74 76 83 78 79 
Pb2+ 75 97 97 73 86 93 90 90 
 9   [total ions]:[host] = 5:1 
   9a 9b 9c 9d 9e 9f 9g 9h 
Na+ 
K+ 10 11 13 15 16 18 13 15 
Rb+ 35 42 39 37 40 35 41 40 
Cs+ 56 62 60 60 61 56 62 62 
Ba2+ 33 36 32 49 40 33 41 40 
Cu2+ 
Ag+ 7 8 8 13 10 8 11 11 
Hg2+ 








9   [total ions]:[host] = 1:1 
9a 9b 9c 9d 9e 9f 9g 9h 
Na+ 7 10 7 11 7 
K+ 13 17 19 20 27 31 17 19 
Rb+ 99 99 99 ＞99 ＞99 99 ＞99 98 
Cs+ 99 ＞99 99 ＞99 ＞99 ＞99 ＞99 99 
Ba2+ 99 99 99 ＞99 ＞99 ＞99 99 93 
Cu2+ 23 40 38 19 38 12 13 37 
Ag+ 83 88 90 82 89 67 78 80 
Hg2+ 86 ＞99 ＞99 93 ＞99 84 87 86 
Pb2+ 91 91 94 92 95 82 90 80 
Non-extractable ions 
Li+ , Mg2+ , Ca2+ , Al3+ , Ni2+ , Cr3+ , Fe3+ , Mn2+ , Zn2+ , Co2+ , Cd2+ 
 
 
a The concentrations of individual metal ions are all set at 0.10 mM in H2O. 
Extractions were carried out in a biphasic system using 3ml metal solution at 
25 oC. All the reported data are averaged values over three runs with relative 
errors within 3%, and only extraction efficiencies of ≥ 6% are listed. 
b a: methanol; b: ethanol; c: diethyl ether; d: tetrahydrofuran; e: dioxane; f: 
acetone; g: acetonitrile; h: ethyl acetate. 
 
 The nanostructures formed by 6-9 also have been used to extract 20 metal 
ions solutions. The structures formed by 6 and 7 still show the low 
cation-binding capacity (Table 4.3). But at a  [host]: [total ions] ratio of 1:1, 
the structures formed by 8 and 9 display the selective recognition and efficient 
extraction of several larger ions such as Cs+ , Rb+, Ba2+, Ag+ , Hg2+ , and Pb2+ 
in the presence of many other smaller metal ions. At the  [host]: [total ions] 
ratio of 1:5,the structures formed by 8 and 9 show the highest affinity toward 





4.2.7 The Study of Nanostructures Formed by Pentamers 
6-9 
 
4.2.7.1 Morphology Study of Nanostructures Formed by 
Pentamers 6-9 
To enable a direct visualization of the solid state morphologies resulting from 
the self-assembling of the pentamers 6-9 transmission electron microscopy 
(TEM) and scanning electron microscope (SEM) were employed. The Figure 
(4.18-4.25) show that 6 forms numerous ultrathin nanofibers in dioxane, ethyl 
acetate, ethanol and acetonitrile with the thinnest fibers measured at 17 nm in 
dioxane and 10 nm in ethyl acetate, ethanol and acetonitrile. The TEM images 
(Figure 4.26-4.33) reveal that , 7 can form the nanofibers such as in methanol, 
ethanol and acetone. The TEM images (Figure 4.34-4.41) and SEM images 













     
Figure 4.18 TEM images of the structures formed by pentamer 6 in 
DMSO/methanol. The right image is at higher magnification. 
   
Figure 4.19 TEM images of the structures formed by pentamer 6 in 
DMSO/ethanol. The right image is at higher magnification. 
 
   





   
Figure 4.21 TEM images of the structures formed by pentamer 6 in DMSO/ 
tetrahydrofuran.  
   
Figure 4.22 TEM images of the structures formed by pentamer 6 in 
DMSO/dioxane. The right image is at higher magnification.  
 
   




   
Figure 4.24 TEM images of the structures formed by pentamer 6 in 
DMSO/acetonitrile. The right image is at higher magnification.  
   
Figure 4.25 TEM images of the structures formed by pentamer 6 in 
DMSO/ethyl acetate. The right image is at higher magnification. 
 
 
    
Figure 4.26 TEM images of the structures formed by pentamer 7 in 
CHCl3/methanol. The right image is at higher magnification. 
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Figure 4.27 TEM images of the structures formed by pentamer 7 in 
CHCl3/ethanol. The right image is at higher magnification. 
 
      
Figure 4.28 TEM images of the structures formed by pentamer 7 in CHCl3/ 
diethyl ether.  
  
      
Figure 4.29 TEM images of the structures formed by pentamer 7 in CHCl3/ 




     
Figure 4.30 TEM images of the structures formed by pentamer 7 in CHCl3/ 
dioxane. 
 
    
Figure 4.31 TEM images of the structures formed by pentamer 7 in 
CHCl3/acetone. The right image is at higher magnification.  
      





     




       
Figure 4.34 TEM images of the structures formed by pentamer 9 in  
DMSO/methanol.  
 
      





      
Figure 4.36 TEM images of the structures formed by pentamer 9 in 
DMSO/diethyl ether. 
 
      
Figure 4.37 TEM images of the structures formed by pentamer 9 in DMSO/ 
tetrahydrofuran. 
 
      





       
Figure 4.39 TEM images of the structures formed by pentamer 9 in DMSO/ 
acetone. 
 
        
Figure 4.40 TEM images of the structures formed by pentamer 9 in DMSO/ 
acetonitrile. 
 
       












Figure 4.42 SEM images of the structures formed by pentamer 8 in different 
solvents (a) DMSO/actone , (b) DMSO/ dioxane , (c) DMSO/ethyl acetate ,  
(d) DMSO/ethanol , (e) DMSO/acetonitrile , (f) DMSO/diethylether ,  









4.2.7.2 Inter-columnar Association Study of 
Nanostructures Using Powder XRD 
 
The inference on the inter-columnar association was achieved by powder 
X-ray diffraction (XRD) analysis, revealing a possible  arrangement 


































































































































Figure 4.43 XRD Spectra of as-prepared fibers or amorphous solid formed by 
pentamer 6 in different solvents (1) DMSO/Methanol, (2) DMSO/ ethanol,  
(3) DMSO/diethyl ether, (4) DMSO/tetrahydrofuran, (5)DMSO/dioxane, 
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Figure 4.44 XRD Spectra of as-prepared fibers or amorphous solid formed by 
pentamer 7 in different solvents (1) CHCl3/methanol, (2) CHCl3/ ethanol, (3) 
CHCl3/ diethyl ether, (4) CHCl3/ tetrahydrofuran, (5) CHCl3/ dioxane (6) 
CHCl3/acetone, and (7) CHCl3/ ethyl acetate. 
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Figure 4.45 XRD Spectra of as-prepared fibers or amorphous solid formed by 
pentamer 8 in different solvents (1) DMSO/methanol, (2) DMSO/ ethanol,  
(3) DMSO/diethyl ether, (4) DMSO/tetrahydrofuran, (5)DMSO/dioxane, 




4.2.7.3  Morphology Study of Nanostructures Formed by 
Pentamer 8’s Metal Nitrate Complexes 
 
  The nanostructures formed by 8 and 9 display the selective recognition and 
efficient extraction of several larger ions such as Cs+ , Rb+ , Ba2+ , Ag+  , Hg2+ 
and Pb2+ in the presence of many other smaller metal ions (Table 4.3). So it is 
important to make sure whether the Morphologies have changed or not after 
the extraction. And the effect of the side-chain for cation binding should be 
minimized. The nanostructure 8b (Table 4.2) which is formed by 8 in ethanol 
has been used to carry out the individual extractions of the aforementioned 
metal ions. The ratio of the concentration of the host, [8b], over that of 
individual metal ion, [individual metal ion], are from 0.1 to 1. To compare 
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with results of the extraction experiments, we also used the pentamer 8 with its 
metal nirtate complexes to produce the new nanostructures. 
  By further examining 8b-mediated individual extractions of the Rb+ , Cs+ , 
Ba2+ , Ag+ , Pb2+ and Hg2+, 8b is consistently found to possess higher  affinity 
toward Cs+, and further demonstrates good extractions of  Rb+ and  Ba2+ 
(Table 4.4). 
 
Table 4.4 Extraction efficiencies (%) of cations (Rb+ , Cs+ , Ba2+, Ag+ , and 
Pb2+) by hosts 8b determined by inductively coupled plasma mass 
spectrometry (ICP) [individual metal ions]:[host] = 1:1, 1:2, 1:3, 1:4, and 10:1. 
 
8b 
1:1 1:2 1:3 1:4 10:1 
Rb+ 43 89 97 96 
Cs+ 60 97 98 107 
Ba2+ 41 90 98 89 
Ag+ 27 57 87 98 67 
Pb2+ 18 50 76 99 66 
Hg2+ 8 25 50 70 42 
 The concentrations of individual metal ions are all set at 0.10 mM in H2O. 
Using 8b to extract the above 5 metal ions individually, and the metal 
solution is 3ml.  All the reported data are averaged values over three runs 
with relative errors within 3%, and only extraction efficiencies of ≥ 6% are 
listed. 
 
  Figure 4.46-4.59 reveals that morphology of the 8b will change to the 
nanofibers or nanotubes after the extraction experiments. With the increase of 
metal ion equivalent, the morphology change of 8b will be more thorough. 
Figure 4.60-4.71 shows that the presence of the enough metal ions will  









           
Figure 4.46 TEM images of the nanostructures (8b) formed by pentamer 8 in 
DMSO/ethanol. 
 
           
Figure 4.47 TEM images of the nanostructures formed by using 8b to extract 
H2O. 
 
           




           
Figure 4.49 TEM images of the nanostructures formed by using 8b to extract 
10 eq Ag+. 
 
           
Figure 4.50 TEM images of the nanostructures formed by using 8b to extract 
1 eq Ba2+. 
 
           




           
Figure 4.52 TEM images of the nanostructures formed by using 8b to extract 
1 eq Cs+. 
 
           
Figure 4.53 TEM images of the nanostructures formed by using 8b to extract 
10 eq Cs+. 
 
           




           
Figure 4.55 TEM images of the nanostructures formed by using 8b to extract 
10 eq Hg2+. 
 
           
Figure 4.56 TEM images of the nanostructures formed by using 8b to extract 
1 eq Pb2+. 
 
           




           
Figure 4.58 TEM images of the nanostructures formed by using 8b to extract 
1 eq Rb+. 
 
           
 



















           
Figure 4.60 TEM images showing the formation of nanostructures from 
pentamer 8 in the presence of 1 eq of Ag+. 
 
           
Figure 4.61 TEM images showing the formation of nanostructures from 
pentamer 8 in the presence of 10 eq of Ag+. 
 
           
Figure 4.62 TEM images showing the formation of nanostructures from 
pentamer 8 in the presence of 1 eq of Ba2+. 
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Figure 4.63 TEM images showing the formation of nanostructures from 
pentamer 8 in the presence of 10 eq of Ba2+. 
 
         
Figure 4.64 TEM images showing the formation of nanostructures from 
pentamer 8 in the presence of 1 eq of Cs+. 
 
           
Figure 4.65 TEM images showing the formation of nanostructures from 
pentamer 8 in the presence of 10 eq of Cs+. 
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Figure 4.66 TEM images showing the formation of nanostructures from 
pentamer 8 in the presence of 1 eq of Hg2+. 
 
           
Figure 4.67 TEM images showing the formation of nanostructures from 
pentamer 8 in the presence of 10 eq of Hg2+. 
 
 
           
Figure 4.68 TEM images showing the formation of nanostructures from 
pentamer 8 in the presence of 1 eq of Pb2+ 
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Figure 4.69 TEM images showing the formation of nanostructures from 
pentamer 8 in the presence of 10 eq of Pb2+ 
 
           
Figure 4.70 TEM images showing the formation of nanostructures from 
pentamer 8 in the presence of 1 eq of Rb+. 
 
           
Figure 4.71 TEM images showing the formation of nanostructures from 





4.2.7.4 Inter-columnar Association Study of 
Nanostructures formed by Pentamer 8’s Metal Nitrate 
Complexes Using Powder XRD 
 
The changes of the peak intensities show substantial differences in 
morphology of the 8b before and after extraction experiments(Figure 4.72). In 
the presence of 10 eq metal ions, pentamer 8 forms new nanostructures. The 
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Figure  4.72  XRD spectra of the nanostructures 8b and its corresponding 
fibers after extractions of metal ions. 1) 8b itself, 2) H2O, 3) 1 eq Ag+, 4) 10 eq 
Ag+, 5)1 eq Ba2+，6）10 eq Ba2+，7）1 eq Cs+, 8) 10 eq Cs+, 9) 1 eq Hg2+, 10) 
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Figure  4.73 XRD Spectra of as-prepared fibers or amorphous solid formed 
by pentamer 8 in the presence of metal ions. 1) 1 eq Ag+, 2) 10 eq Ag+, 3) 1 eq 
Ba2+，4） 10 eq Ba2+，5) 1 eq Hg2+, 6) 10 eq Hg2+, 7) 1 eq Pb2+,  8) 10 eq Pb2+, 
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4.2.7.5 SEM-EDX Study of Nanostructures Formed by 
Pentamer 8’s Metal Nitrate Complexes 
  Energy dispersive x-ray analysis (EDX), a micro-analytical technique for 
elemental mapping, was carried out in an effort to identify the presence of 
metal ions in the above formed nanostructures. Selective EDX analyses on the 
as-produced nanostructures formed between 8 and 1 eq AgNO3, 10 eq AgNO3, 
1 eq Ba(NO3)2, 10 eq Ba(NO3)2, 1 eq CsNO3, 10 eq CsNO3,1 eq Hg(NO3)2, 10 
eq Hg(NO3)2, 1 eq Pb(NO3)2 , 10 eq Pb(NO3)2 , 1 eq RbNO3 or 10 eq RbNO3 
(Figure 4.74-4.85).  EDX data were acquired with a probe current of ~ 1 nA 
over areas about the size of each measured particle such that the total electron 

















Figure 4.74 SEM-EDX Spectrum of nanostructures from pentamer 8 in the 
presence of 1 eq Ag+. 








































Figure 4.75  SEM-EDX Spectrum of nanostructures from pentamer 8 in the 
presence of 10 eq Ag+. 




















Figure 4.76 SEM-EDX Spectrum of nanostructures from pentamer 8 in the 
presence of 1 eq Ba2+. 
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Figure 4.77. SEM-EDX Spectrum of nanostructures from pentamer 8 in the 

















Figure 4.78 SEM-EDX Spectrum of nanostructures from pentamer 8 in the 
presence of 1 eq Cs+. 
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Figure 4.79 SEM-EDX Spectrum of nanostructures from pentamer 8 in the 
presence of 10 eq Cs+. 


















Figure 4.80 SEM-EDX Spectrum of nanostructures from pentamer 8 in the 
presence of 1 eq Hg2+. 
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Figure 4.81 SEM-EDX Spectrum of nanostructures from pentamer 8 in the 
presence of 10 eq Hg2+. 


















Figure 4.82 SEM-EDX Spectrum of nanostructures from pentamer 8 in the 
presence of 1 eq Pb2+. 
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O Si Pt Pb
Figure 4.83 SEM-EDX Spectrum of nanostructures from pentamer 8 in the 
presence of 10 eq Pb2+. 



















Figure 4.84 SEM-EDX Spectrum of nanostructures from pentamer 8 in the 

























Figure 4.85 SEM-EDX Spectrum of nanostructures from pentamer 8 in the 



































  In summary, we demonstrate here the formation of purely organic 1D 
nanotubes, enclosing a cation-binding cavity of ~ 2.8 Å in diameter. The 
formed 1D nanotubes further assemble into nanotube bundles of varying 
morphologies that are influenced by solvents from which the fibrillous 
nanotube bundles are formed. Notably, the presence of rigid benzyl side chains 
in the macrocyclic exterior leads to well-defined ultrathin nanotube-based 
fibers. The high cation-binding ability of 8 further enables the nanosheets to 
selectively extract metal salts from the surrounding medium. The morphology 
of the nanosheets formed by pentamer 8 was altered after the extraction of 
metal ions. With the increase of metal ion equivalent, the morphology are more 
substantial. Importantly, such an ability to extract metal ions with good 
selectivity appears to be highly dependent on the exterior side chains that might 
interfere with the structures of the nanofibers and renders the pentamers 6 and 
7 containing the same cation-binding cavity as 8 but carrying straight saturated 
alphatic side chains with poor ability to bind and extract metal ions. 
Fine-tuning the exterior side with other types of bulkier side chains might 
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Ab Initio Molecular Modelling: 
All the calculations were carried out by utilizing the Gaussian 09 
program package1. The geometry optimizations were performed at the 
density functional theory (DFT) level, and the Becke’s three parameter 
hybrid functional with the Lee-Yang-Parr correlation functional 
(B3LYP)2 method was employed to do the calculations. The 6-31G* 3, 4 
basis from the Gaussian basis set library has been used in all the 
calculations. All the trimers and hexamers were relaxed fully without any 
symmetry constraints. The harmonic vibrational frequencies and 
zero-point energy corrections were calculated at the same level of theory. 
Single point energy were obtained at the B3LYP level in conjunction 
with the 6-311+G(2d,p) basis set with use of the above optimized 
geometries, i.e., B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d). 
 
1. Frisch, M. J.; et al. Gaussian 09; Gaussian , Inc.: Wallingford CT, 2009. 
2. Becke, A. D. J. Chem. Phys. 1993, 98, 5648. 
3. Petersson, G. A.; Bennett, A.; Tensfeldt, T. G.; Al-Laham, M. A.; Shirley, W. A.; 
Mantzaris, J. J. Chem. Phys. 1988, 89, 2193. 




Determination of Crystal Structures: 
Data were collected on a Bruker APEX diffractometer with a CCD 
detector and graphite-monochromated MoKα radiation using a sealed 
tube (2.4 kW) at 223(2) K. Absorption corrections were made with the 
program SADABS5 and the crystallographic package SHELXTL6 was 
used for all calculations. In the final least-squares refinement cycles on 
|F|2, the model converged at R1 = 0.1335, wR2 = 0.1924, GoF = 1.081 
for 6245 (I ≥ 2σ(I)) reflections. 
 
5.   Sheldrick, G. M.; SADABS Software for Empirical Absorption Corrections, 
University of 
a) Göttingen (Germany), 2000. 
6.  SHELXTL Reference Manual, version 5.1, Bruker AXS, Analytical X-Ray Systems, 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































1H NMR and 13C NMR Spectra of Major Compounds 
in Chapter 3 
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